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ABSTRACT 


The gas phase xenon resonance lamp photolysis of tetra- 
methylsilane and the medium pressure mercury lamp photolysis of 
bis(trimethylsilyl)mercury have been investigated in detail. The 
resulting product distribution was accounted for in both studies and 
mechanisms were proposed. The reactions of the trimethylsilyl radical 
were examined and the findings used to help explain the mechanisms 
in the photolysis studies. 

The 147 nm photolysis of tetramethylsilane yielded ten 
measurable products and a polymer deposit on the cell window. The 
mechanism was deduced from the effect of pressure, exposure time, 
nitric oxide scavenging and isotopic labelling. The photolysis was 
shown to proceed by a minimum of six primary steps, with C-Si bond 
cleavage being the predominant (~77%) mode of decomposition. The 
quantum yield of fluorescence was found to be less than ia. 

The occurrence of the trimethylsilyl radical as one of the 
major primary products and the lack of knowledge of its properties, led 
to the photolysis of bis(trimethylsilyl)mercury at wavelengths greater 
than 300 nm as a simpler source of the radical. The mechanism was 
determined by pressure studies, time studies and radical scavenging 
with nitric oxide, ethylene and oxygen, and found to be a clean source 
of trimethylsilyl radicals. 

From the data a disproportionation-combination rate constant 
ratio of 0.046 for trimethylsilyl radicals was obtained. The existence 
of disproportionation clearly demonstrates a preference for formation 


of a silaethylene-type structure. The relative stabilities of singlet 
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and triplet silaethylene were found to be almost equivalent in an 
ab initio molecular orbital calculation. 

The mercurial was also photolyzed in the presence of other 
added silanes to obtain relative rates of hydrogen abstraction by the 
trimethylsilyl radical. Arrhenius parameters for the abstraction 
reactions were calculated by the BEBO method and from the available 
evidence a value was estimated for the trimethylsilyl radical recom- 
bination rate constant. 

It was also possible to demonstrate the existence of cross- 
disproportionation and combination reactions between trimethylsilyl 
radicals and other silyl radicals and to estimate corresponding Ky/k. 


ratios. 
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CHAPTER I 


INTRODUCTION 


The photochemistry of silicon compounds and the reactions of 
Silicon radicals are still relatively new fields and are of increasing 
interest as shown by the recent reviews surveying the general chemistry 


of 7.6 : : 
| or silicon radical chemistry  , and the chemistry of sily- 


of silicon 
lenes”. Most of the earlier photochemical work on silanes was essen- 
tially preparatorym@and it is only recently that the kinetic-mechanistic 
aspects have been investigated. In addition, our knowledge of free 


|| 


radical ehemferry) is based almost wholly on alkyl and aryl radicals, 
a condition that could be improved if we expanded the field by studying 


the reactions of radicals containing elements other than carbon. 


A. Silicon Chemistry 
1. Comparison of Some Silicon and Carbon Properties 

Silicon is the second member of the Main Group IV elements 
but there are important differences between it and carbon along with the 
similarities that might be expected from having the same ns¢ npe 
electronic structure. Silicon is a larger atom than carbon and tends 
to form weaker bonds to itself, to carbon and to hydrogen than does 
carbon, but stronger bonds to more electronegative atoms such as the 
halogens, oxygen and nitrogen, either because of bonding with silicon's 
3d orbitals or because of its low electronegativity. 

is 


According to the Pauling scale of electronegativity ~, 


silicon (1.8) is significantly different from carbon (2.5) and 
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hydrogen (2.1), such that whereas in alkanes the C-H bond is Slightly 
polar with the 6 charge on carbon, in silicon hydrides the bond 
polarity is in the opposite sense with the 6* charge on silicon. Thus 
the susceptibility of silicon hydrides to nucleophilic attack is an 
example of the difference in reactivity of silicon and carbon. 

Silicon does not form long chain molecules as carbon does, 
the largest known being 10 silicon atoms long!4, but does form large 
molecules with alternating silicon and oxygen atoms, the industrially 
important siloxanes. 

Since the main mode of bonding for both carbon and silicon 
is sp3 hybridization similar types of compounds EXiSt,.Such as 
hydrides, alkyl hydrides, halides, and ethers, but silicon can increase 
its normal coordination number of four to five or six by using its 


342 Nan The vacant d- 


vacant d-orbitals to form sp°d or sp~d 
orbitals on silicon lie about 130 kcals/mole!/ above the highest occu- 
pied orbitals whereas in carbon this gap is 220 kcals/mole!/ so that the 
Silicon orbitals are much more readily available !8, Thus silicon can 
enter into a qd cat Tteraction .ae with electron donor groups such 

as phenyl, vinyl, oxygen or halogen to form a partial 7 bond. The 


contentious issue of silicon PaeaDs bonding will be discussed later. 


2. Thermodynamic Properties 
Thermodynamic properties are very useful in relating radical 
reactivities and energetics of radical reactions and help to contribute 
to the fundamental understanding of the processes involved. Unfor- 
tunately the literature is full of mutually inconsistent and conflicting 


values for the heats of formation and bond dissociation energies of 
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silicon compounds and few measurements or estimates of silicon 
entropies have been made. 


b) 


Many bond =aeaRee. have been obtained from first-order 
non-chain thermolyses of compounds where the observed activation energy 
may be equated with the energy of the bond being broken“’, e.g. D(Si-Si) 


from thermolysis of ieee neste 


(CH) 4S1Si (CH). forward 2(CH) Si 
reverse 

This assumes that the activation energy for the reverse pro- 
cess is zero and that the interpretation of the kinetic data is 
correctly assigned to the actual initial dissociation. Many pyrolyses 
are complicated by the fact that the observed activation energy may 
not be directly related to any single bond dissociation. 

Other bond energies have been calculated from electron impact 
measurements by mass spectrometry”~ where the appearance potential of a 


fragment ion can be related to the ionization potential of the ion and 


the dissociation energy of the bond broken: 


Pee PY Ft Mae ee 


Ry - Ro 1 2 


Thus, A(R.) = D(R. - Re) eiabes( Qo) 


] ] 


Usually, D(R, - Ro) is supplied from a kinetic measurement and the 


] 
ionization potential of R, so obtained can then be applied to a series 
of compounds containing the group Ry to find D(R, - Ra). In addition 
heats of formation can be related to appearance potentials and further 
bond energy values can be calculated. A set of available bond energies 


is given in Table I-1. 
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TABLE I-1 


Selected Bond Energies of Silicon Compounds (kcals/mole) 


Compound D(Bond) Reference 
H3Si-H 94 30 
HeSio-H 90 31 
CH3SiH5-H <94 oe 
(CH3)3Si-H 8] 7 

85 33 
88 34 
90 35 
CHa-SiH, 86 36 
CH3-Si(CH3), 76 37 
85 29 
H3Si-SiH, 8] 30 
(CH3)3Si-Si(CH3), 67 38 
8] 28 
86 29 


(CHy)4SiCH)-H | 97 39 
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Heats of formation, usually obtained through heats of ponetee 
tion from calorimetry”, are subject to large errors with silicon 
compounds due to the involatility of silica, formation of surface films 
and a tendency to detonate, so that many earlier results are of doubt- 
ful reliability. Later techniques such as deriving heats of formation 
from heats of hydrolysis” may give more consistent results. The spread 


in results for some chosen silanes is demonstrated in Table I-2. 


B. Radical Reactions 
1. Alkyl Radical Reactions 

Since the main body of information on radical properties has 
been gathered from alkyl radical reactions it would be helpful to 
summarize the known reactions and sources of these radicals before 
noting the differences applicable to silicon radical chemistry. 

An alkyl free radical is an alkane molecule in which one of 
the carbon atoms has a free valence with one unpaired electron. A di- 
radical is a species with two free valence sites on different carbon 
atoms, and a carbene has two free sites on the same carbon atom. 


47 and other 


2 


Methyl radicals have been shown to be planar 
evidence points to other alkyl radicals also being planar with sp 
hydridization around the radical site. 

Alkyl radicals are stable up to high temperatures but are 
also very reqcuiveua The fastest reactions that they undergo are com- 
bination and disproportionation. Combination is an exothermic process 
which involves pairing of the free electrons on two radicals to forma 
new bond, e.g. 


* 
CH, ct CH, = CH,-CH, 
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TABLE I-2 


Selected Heats of Formation of Silicon Compounds 


SS S39.0)30SSSSSSS SE ES ——<—S—S—SSS— 


Compound AH” (298°) kcals/mole Reference 
eens Ae UE LP She leede seiles le. an Geet 
SiH Ba2 42 
ay 
Bo7 43 
STH. 17.1 40 
19.0 43 
CHASTH, -4.0 44 
-11.8 43 
1.0 45 
i . 45 
(CH) SiH, Has 
-15.2 44 
-29.8 43 
‘ Ss 45 
(CH) SiH 18.1 
229 44 
-44.5 43 
-55 37 
; mf 45 
(CH) 4S ' 33 
242.52 44 
-55.5 43 
-68 37 
. ° “ 5 
(CH3),5iS1(CH5)., 50 4 
-52 46 
-118 ay! 
-126 29 


This appears to take place at a rate close to the collision 
frequency for methyl radicals but it is not clear whether larger alkyl 
radicals combine as fast or whether the rates are orders of magnitude 
slower. The process apparently does not involve an activation energy 
though one might expect, at least in the larger radicals, an activation 
energy approximately equivalent to the rotational barrier up to about 
5 kcals/mole. 

The "hot" molecule formed will decompose to radicals again 
if the released energy is not dissipated. Collision with other gas 
molecules is an effective method of stabilization and 10 torr total 
pressure is sufficient to obtain stabilization of CoHe* with unit 
probability in any collision. Current values for some alkyl radical 
recombination rate constants are shown in Table I-3. 

The rate of disproportionation?> is of the same order of 
magnitude as combination for most alkyl radicals. This reaction 
involves abstraction of a hydrogen atom from a carbon atom adjacent to 


the radical site. 


CHACH, a CH.CH,, ==> CHCH, se CH,=CH, 


This also involves no activation energy, so that there is a character- 
istic ratio of rate constants for combination and disproportionation for 
each alkyl radical which is nearly independent of temperature. 
Note that disproportionation involves the cleavage of a C-H 
bond and the formation of two new bonds, one of which is a C-C 7m bond. 
Abstraction by a radical from a molecule involves simultaneous 


formation of one bond and cleavage of another to form a new radical: 


CHa + H-CR sree Gls Saco. aes CH, + CR,. 
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TABLE I-3 


Selected Alkyl Radical Recombination Rate Constants 


DD Dia ee 


Radical log kK. (cc.mole”!sec7!) Reference 
SS re ae el ee Rae ee a 
CH, Sit! 48 ,49 

1325 50 
CoH. 13.4 5] 

11.6 Se 

11.4 6 
1-C3H, 13.8 54 

11.6 55 
t-CyHy (aes 56 

8.4 57 

8.6 58 


This process involves measurable activation energies usually between 5 
and 20 kcals/mole!2. 
Another process which requires an activation energy is the 


addition of a radical to a double bond to form a new radical: 


CH. < CH=CH, Pe CH,-CH,-CH, 


Activation energies are of the order of 5 - 10 kcals/mole. 

Radicals can also rearrange and decompose, but both of these 
processes normally require very high activation energies and are 
usually found only in high temperature pyrolysis Sanies. 

Carbenes undergo two main types of reaction’ =: insertion 


into a single bond 


x 
CH, 2 CRACR, Comore R-CHy-CRCR, 


and addition across a double bond 


CH. ct CRO=CR, caaeenind CR=—— CR, 

Both of these processes are highly exothermic and can lead to 
decomposition of the excited product, the amount of decomposition 
decreasing with the increase in the number of vibrational degrees of 
freedom of the molecule formed. Insertion into different C-H bonds seems 
to be relatively indiscriminate if the effect of abstraction®! by the 


carbene is subtracted. 


Carbene insertion into silanes seems to show a preference for 


62 63 


Si-H bonds over C-H bonds’~ in the order tertiary > secondary > primary 


’ 64 
and there is no dependence on excess carbene energy . 
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2. Silicon Radicals 

Silicon radicals undergo types of reactions similar to those of 
alkyl radicals but to different extents and with different results. 

Silyl radicals have been shown to be pyramidale> 7° rather 
than planar and are stable up to high temperatures, but few values are 
available for their rates of reaction. 

Formation of a silicon polymer is almost always associated 
with the presence of silyl radicals mainly due to reactions of reactive 
Silicon diradicals, the analogues of alkenes. 

Very little information is available on the combination/dispro- 
portionation reactions of silyl radicals and no hydrogen abstraction 
Studies have been done in the gas phase. The efficient addition of sili- 
con radicals to double Benes. has been widely studied and is one of the 
principal reactions employed in the synthesis of organosilicon compounds. 

Silyl radicals are expected to react more slowly than alkyl 
radicals in abstraction from saturated compounds since the Si-H bond 
energies are lower than the corresponding C-H bond energies. The 
empirical Polanyi equation®® shows a linear relationship between the 
enthalpy change for an abstraction reaction and the observed activation 
energy for a homologous series. 

Silylenes, the analogues of carbenes, have been studied in 
some detaidintoes Arrhenius parameters or relative rates have been 
obtained for insertion reactions of silylene and methylsilylenes into 


oils The silylenes were obtained by pyrolysis of a 


various silanes 
Suitable silane and were found to insert into Si-H bonds but not into 
Si-C, C-C, or C-H bonds. It is possible that they may insert into 


Si-Si bonds. Information on abstraction by silylenes is Sparse and in 
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the absence of other reagents silylenes polymerize. 


3. Sources of Radicals 
Radicals are produced in the thermolysis of almost any com- 
pound, but this type of system poses difficulties for the study of 
radical reactions since the high temperatures required for thermolysis 
also lead to decomposition of the radicals themselves /@, and in addition 
there are experimental difficulties associated with conditioning of 


the reactor halisues 


Photolysis/“ 


has the advantage of exciting the molecule with a 
known energy. If this leads to homolysis of a bond or bonds, the 
resulting fragments will be at room temperature or within 200°C of it 
and any further decomposition will be a function of the excess energy 
they contain. In addition, any products formed will be stable and will 
not undergo photolytic decomposition if conversion is kept below a few 
percent. 

Mercury photosensitization is another source of radicals which 


has the advantage that the bond cleavage is selective and less energy 


is introduced into the system than is usual in direct photolysis. 


4. Reactions of Alkyl Radicals with Silanes 
A large body of information has accumulated on the 
hydrogen abstraction reactions by alkyl radicals from a variety of 
silanes, and it has been shown that A-factors are similar to those for 
abstraction from alkanes but that activation energies are lower because 
of the greater reactivity of silanes. The decrease in activation 


energies agrees with the observation that Si-H bond energies are lower 
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than C-H bond energies but the trend in the experimental activation 
energies for abstraction from different Si-H bonds does not agree with 
the observed trend in Si-H bond energies (Table I-1). 

Table I-4 shows the Arrhenius parameters for a representative 


set of abstractions by alkyl radicals from silanes. 


C. Photochemistry 
1. Vacuum Ultraviolet Spectroscopy 
Monosilanes absorb in the vacuum ultraviolet and their 


17,78 are similar to those of the alkanes’? both in structure 


spectra 
and extinction coefficient except that the silanes are red-shifted some 
10 to 20 nm compared to the corresponding alkane. 

The spectra all show a continuum and have some fine structure 
around 140 nm. Tetramethylsilane has a window around 150 nm that is 
absent in the other partially methylated silanes, indicating that the 
Si-H bond is probably the main absorber in this region. 

Interpretation of the spectra is best attempted by comparison 
with the methods that have been used to understand the photochemical 
decomposition of alkanes in the vacuum ultraviolet. 

It has been suggested that there are two types of o,o* transi- 


a The longer wavelength region corresponds to a 


tions in the alkanes 
(C-C)o electron promotion to an upper state while the shorter wavelength 
region corresponds to promotion of a (C-H)o electron. Other interpreta- 


tions?! 


show that there may be quite a number of allowable transitions 
from the valence molecular orbitals of the system to Rydberg-type 3p 
orbitals. 


Photolysis of the carbon analogue of tetramethylsilane, 
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TABLE I-4 


Alkyl Radicals from Silanes 


Reactant 


SiH, 


CHaSiH, 


(CH3) SiH. 
(CH3)3SiH 
(CH3)4Si 
Sint, 

SiH) 

SigHs 

SiH, 

SiH, 


log A 


pcemolonLcee 


P40 
the (as 
12.07 


-| 


Ea 


kcal mole 


7.47 
als 
aoU 
rl 
.66 
.65 
25 
65 
eh) 


ae) 


Arrhenius Parameters for Hydrogen Abstraction by 


Reference 
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neo-pentane®?, has been undertaken by Ausloos et al. and their results 
serve as a convenient model to illustrate the similarities and differences 
between silicon and carbon compounds. 


The main fragmentation processes were: 


1 
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2CH. Ce 


The main conclusions were: 


i) Isobutene was the major primary product, being formed in 
two of the primary steps, and this together with the pro- 
duction of propylene in step 3 meant that alkenes were the 
major result of photolysis. 

ii) Approximately 75% of the methane was formed in a molecular 
elimination step. 

iii) Elimination of a hydrogen molecule, a process which is of 
major importance in the simpler alkanes, is of little 
importance in the photolysis of neo-pentane. 

iv) Approximately 80% of the bond cleavage is in the C-C 
bonds. 

The absorption spectrum of neo-pentane shows a continuum 

below 172 nm, and Raymonda and Simpson argue that the region from 172 
to 123 nm is due to C-C electron transitions and that the C-H transitions 
occur near the methane band centre, from 124 to 120 nm. 


Under these circumstances photolysis at 147 nm (195 kcals/mole) 
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should give exclusively C-C cleavage. Although the experimental results 
show that C-C cleavage predominates, the existence of other decomposi- 
tion paths shows that absorption in one moiety can lead to rupture of 
other bonds. Thus the excited state would appear to have strongly 
delocalized orbitals. 

One would then expect tetramethylsilane to photolyze in a 
Similar fashion mainly via Si-C cleavage although the non-existence 
of stable silicon-carbon double bonds could change the type of primary 
decomposition. Prediction of such features as molecular elimination is 
also complicated by the present lack of understanding of the theoretical 


aspects of absorption spectra. 


2. Actinometric Photochemistry 

Both carbon dioxide and to a lesser extent nitrous oxide have 
been used as chemical actinometers for 147 nm radiation since it is 
generally believed that for CO, photolysis at 147 nm, ¢CO = 1.0 and for 
N50 photolysis at 147 nm, oN. = 1.44, 

Carbon dioxide has been studied in some detail because of its 
general use as an actinometer and its role in planetary atmospheres®?, 

Early worke4 established that the initial step was dissocia- 
tion of the excited molecule to form carbon monoxide and an oxygen atom. 
Below 165 nm the oxygen atom is formed in the 1) state and below 128 nm 
it is formed in the “3 state as well. The fate of these excited atoms 
is thought to be very rapid relaxation to the 3p state by interaction 
with (0. molecules. 


The oxygen atoms can then combine and provide a source of 


molecular oxygen which can account for the formation of ozone. However, 
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the predicted 0,/C0 ratio of 0.5 is not attained in many cases. The 
quantum yield of 0» is often variable and this is attributed to adsorp- 
tion and heterogeneous reactions of oxygen atoms on the walls of the 
reaction vessel. Recent work by Cvetanovic®® has shown that the 
photolysis of water acts as a catalyst for the decomposition of ozone. 

Not all the results yield 9 =al.0 Dut itis difficult to 
explain lower values since there seems to be no fluorescence following 
photon absorption®© and the dissociation yield seems to be invariant 
with pressure?’ . 

Slanger etualenn found that the dissociation quantum yield 
varies with wavelength from 121 nm to 149 nm with the highest yield at 
123.6 nm and they expressed their yields relative to Inn's value? of 
0.75 at 147 nm. The estimated error limits for both values, 1.00 and 
0.75,are almost large enough to include the other value. The question 
of whether there are stable excited states of C05 is unresolved at 
this point but since most researchers have adopted co = 1.0, this 
value has been used in our calculations. 

Nitrous oxide photolysis has also been used as a vacuum 
ultraviolet actinometer; *N = 1.4470-92 


The major step in dissociation at 147 nm appears to be 


NjO + hy —= No(1z") + o('p) 


but the simultaneous occurrence of other steps is also possible. The 


yield of No above unity presumably results from the reaction 


] —— 
O('D) + No0 0, + No 


The mechanisms involved are quite complex and the yields of other products 
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may vary depending on conditions. 


3. Photolysis of Silanes 
Direct gas phase photolysis studies have been carried out in 


94 


this laboratory on monomethylsilane?, dimethylsilane~~ and eda” 


while Ring et al. have studied monosilane?°. 

Comparison of the salient features of the decomposition of 
the above silanes with the decomposition of their carbon analogues has 
revealed important facets of the photochemistry of silanes. 

Vacuum ultraviolet photolysis of monomethylsilane with a xenon 
resonance lamp (147 nm) gave products which could be explained by 
invoking six primary steps (Table I-5) with the loss of hydrogen 
accounting for %67% of the total primary quantum yield. The primary 
steps, their quantum yields and the mechanisms of the processes were 
established from the nature of the products, their dependence on 
conversion, pressure, addition of radical scavengers such as nitric 
oxide and ethylene, and the use of deuterium labelling. 

The effect of wavelength was also examined by photolyzing 
with a krypton resonance lamp (123.6 nm). The increased photonic energy 
(231 kcals/mole) gave the same types of primary steps but there was 
increased polyfragmentation. 

Hydrogen and methane were both formed by molecular elimination 
and by abstraction reactions. The silylenes formed inserted quantita- 
tively into the Si-H bonds of the substrate, while the 1,2-diradical 
formed in step 3 contributes to polymer formation and the silylmethylene 
diradical formed in step 4 undergoes unimolecular isomerization to give 


a 1,2-diradical which also is lost as polymer. 
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TABLE I-5 


Primary Steps in the 147 nm Photolysis 


of Monomethylsilane 


SSS ee 


CHSiH, + hv CHSiH + Hp 


CHSiH + 2H 
CHpSiHy + Hy 
CHS1H3 + Ho 
CHa ae SiH) 
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CH aie SiH, 
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Photolysis of the oan analogue, ethane?/-99 , shows almost 
exclusive hydrogen loss with molecular elimination predominating. The 
molecular elimination along with simultaneous loss of two hydrogen atoms 
accounts for over 90% of the decomposition. 

Elimination of methane and C-C bond cleavage are very minor 
processes. 

Monomethylsilane photolysis is thus noticeably different as 
it shows appreciable amounts of Si-C bond cleavage with formation of 
methane and methyl radicals accounting for some 35% of the primary 
yield, although most of the remainder is molecular hydrogen elimination 
(62%). 

Photolysis of dimethylsilane-d with a Xe resonance lamp was 
also carried out and the primary steps (Table I-6) derived in the 
Same manner as before. The decomposition involves twelve primary 
steps leading to many different silicon fragments. Methane and hydrogen 
were formed by both molecular elimination and radical formation and Si-C 
cleavage accounts for ~28% of the bonds broken. 

The silylenes formed inserted quantitatively into Si-H 
bonds and approximately half of the silicon fragments terminated in 
the polymer. Because of this loss of silicon residues it was impossible 
to unambiguously define certain reaction paths and maintain a strict 
material balance. 

Photolysis of acon es. the carbon analogue, is some- 
what simpler in that only five primary steps are involved and there 
is less polyfragmentation than in the dimethylsilane case, where 


simultaneous loss of two methyl groups, two hydrogen molecules, or a 
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TABLE I-6 


Primary Steps in the 147 nm Photolysis 


of Dimethylsilane-do 


(CHz)5SiD> + hv —t+ CHgSiD + CH3D 
OHS a2 Os 
3 SiD, + 2CH3 
—t CHSiD) + CHy 
5» CH3SiDjH + CHo 
—°~ (CH3)oSi + Do 
=~ CHSiD> +1 CHa + Ho 
—8~ CHCH3Si + Dy + Hp 
—2. CH,CH,Si + HD + D 


eae 


_10 CHCH,SiD + HD + H 


willl bioee CHoCH3SiD, + H 
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hydrogen molecule and a hydrogen atom are postulated. This perhaps 
indicates that the carbon fragments are more readily stabilized than 
their silicon counterparts. 

Disilane photolysis was carried out with a low pressure 
mercury lamp since its absorption spectrum extends to 210 nm. The 
photolysis was again studied as a function of time, pressure, deuterium 
labelling, and the addition of radical scavengers, from which five 
primary steps were postulated (Table I-7), the two major ones being the 
molecular elimination of monosilane and hydrogen. 

Since silicon-silicon bond rupture and a single hydrogen loss 
together accounted for less than 10% of the primary yield there must 
be efficient energy randomization because absorption at 210 nm is 
associated with the silicon-silicon bond. Molecular hydrogen elimina- 
tion gave a 1,2-diradical which contributed to polymer formation while 
the silylene formed inserted into the substrate. 

Again we see that photolysis of disilane gives quite different 
results from both monomethylsilane and ethane in that molecular elimina- 
tion of monosilane accounts for some 41% of the primary yield, and 
most of the remainder is molecular hydrogen formation. Thus it seems that 
increasing silicon substitution gives increasing amounts of silylene 
and correspondingly smaller amounts of hydrogen. However it is not clear 
at this point how much of the large monosilane yield is due to the much 
lower photonic energy (~140 kcals/mole) in this photolysis leading 
to much smaller amounts of excess energy in the primary steps. 

The photolysis of monosilane at 147 nm was interpreted as 


showing that silylene formation was the predominant primary mode of 
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TABLE I-7 


Primary Steps in the Photolysis of Disilane 


Using a Low Pressure Mercury Arc 


Relative 
Yield 
Si nH, + hv es H + SioHe 3% 
2. Sit; + Sit, 6% 
Ee H, + SiH3SiH 3% 
chen H, + SiH,SiH, 47% 


— = SiH, + SiHp 41% 
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decomposition: 
; hv : 
SU a Si Ho + Hy 


This was inferred partly from the fact that photolysis of mixtures of 
STHg/SiDy produced no SiH3SiD3. Since it has been shown, however, that 


103 this conclus- 


monosilyl radicals disproportionate rather than combine 
ion must be considered tentative. 

A point that has to be taken into account in the photolysis 
of silicon compounds is that the photolysis of the polymer formed can 
also give products. Siegel and Serena showed that the vacuum ultra- 
violet photolysis of polydimethylsiloxane gave gaseous hydrogen, 


methane and ethane as products with a total quantum yield of 0.06. 


4. Hg Photosensitization of Silanes 
It has been shown that when alkylsilanes containing at least 
one Si-H bond are subjected to Hg photosensitization there is selective 


ee The main products 


bond cleavage giving H atoms and silyl radical 
are then Ho and the silyl radical dimer. A minor step is the formation 
of molecular hydrogen and a silylene. Thus Hg photosensitization of 
alkylsilanes is a good source of substituted silyl radicals. 

The Hg photosensitization of monosilane” is more complex in 
that five primary steps have to be postulated and the reaction appears 
to be very surface dependent. niet iateaae however behaves more like 
the methylsilanes in that there is one primary step producing H atoms 
and disilyl radicals. The subsequent reactions are more complex and 


include disproportionation/combination and displacement reactions. If 


the disilyl radicals combine they give chemically activated tetrasilane 
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which can decompose or be pressure stabilized. The decomposition proceeds 


exclusively by 1,2-diradical elimination which leads to polymer formation. 


5. Photolysis of Bis(trimethylsilyl] )mercury 
There are few clean sources of silyl radicals but one that has 
been investigated in solution chemistry is the photolysis and thermolysis 
of disilyl mercury compounds. 
These compounds are prepared relatively simply by shaking the 
halogen derivative of the desired silyl radicals with Na amalgam in 


cyclohexane solution.07 


. The partially methylated silyl mercury compounds 
could not be isolated because of their instability but bis(trimethyl- 
silyl)mercury is more stable than the corresponding carbon compound 
and will sublime undecomposed at 60°C. The mercurial is a yellow solid 
at room temperature and melts with decomposition at 102°C where its 
vapour pressure is v1 torr. Eaborn and co-workers have shown that 
photolysis of bis(trimethylsilyl )mercury appears to produce trimethy1- 
silyl radicals which can be trapped by olefins or will add to benzene 
or toluene to give the normal products of homolytic aromatic substitu- 
tion! 082109. 

Photolysis was found to be a better source than ther- 


110-112 


molysis since the latter was found to involve mainly bimolecular 


reactions with solvent with unimolecular homolysis being unimportant. 
No values of the Si-Hg bond energy in these mercury compounds 
have been measured but estimates have been made of 47.8 kcals/mole!!! 
and 13.6 woagmae In any case it is appreciably less than the 
C-H or Si-C bond energies . Absorption spectra have been recorded and 


maxima noted at 245 nm, 330 nm and 390 nm 10 so that photolysis is 
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easily accomplished by use of a medium pressure mercury lamp and 


appropriate filters can vary the input energy. 


D. Tetramethylsilane Decomposition 
1. Radiolysis 

Decomposition of tetramethylsilane has been accomplished by 
radiolysis with 50-pkeV cee In this case the major products were 
hydrogen, methane, ethane and ethyltrimethylsilane. Reaction mechanisms 
were deduced from deuterium labelling experiments, and addition of 
nitric oxide and ethylene as radical scavengers. The hydrogen and 
methane were produced by molecular eliminations, atomic reactions and 
to a lesser extent by "hot" intermediates. The ethane was formed 
almost exclusively by methyl radical combination. The principal carbo- 
silane products all seemed to arise from reactions of CH3, (CH3) Si 
and (CH3)3SiCH» radicals. 


The authors estimate that 12% of the H, and 40% of the 


2 
methane are formed by molecular elimination and in addition that 25% 
of the methane is formed from unscavengeable "hot" methyl radical 
abstraction reactions. 

Although to a large extent the reactions in this type of 
radiation system can be explained by free radical mechanisms the pos- 
sibility of other reactive species such as ions, excited and super- 
excited molecules, and atoms, cannot be Taneretieae Usually molecules 
close to the particle tracks will be ionized while others further away 
will just be raised to an excited state. 


It seemed necessary to carry out the decomposition with a 


defined energy input. 
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Za PYYOLYSTS 
The pyrolysis of tetramethylsilane has been investigated 


recently in a flow system! !6 


at 810-980°K and the decomposition was 
found to be first order in a seasoned reaction vessel. 

The major products were methane, ethane, trimethylsilane, 
1,1,3,3-tetramethyl-1,3-disilacyclobutane, hexamethyldisilane, and 
2,2,4,4-tetramethyl-2,4-disilapentane. 


The decomposition could be represented by the expression: 
lodakomeun (14500 02).0 23) (67/000 S00N i iees0 ship 


The activation energy (67.6 kcals/mole ) is smaller than 

the reported D((CH3).Si-CH.) of 76 kcals/mole so the presence of a 
chain mechanism could not be ruled out. 

A n-stabilized diradical, (CH 


SiCH,, was postulated as 


3)2 Zs 
an intermediate because of the composition of the polymer formed, the 
existence of the disilacyclobutane dimerization product and the 
possibility of radical decomposition lowering the experimental activation 


energy: 


3) gSi=CH, - CH, 


Disproportionation of trimethylsilyl radicals and cross- 
disproportionation of trimethylsilyl and methyl radicals were also 
postulated as sources of the intermediate. 

Decomposition of some of the radical intermediates and the 


doubtful stability of some of the products make definition of a mechanism 


very difficult. 
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E. Silicon-Carbon Double Bonds 
No stable compound has been isolated which contains a Si=C 


Tze 


or Si=Si double bond but a lot of evidence points to the pro- 


bability that the Si-C diradical has a certain degree of stability which 
might be termed a quasi double bond. 

It is not clear why a stable double bond to silicon does not 
exist. It has been suggested that Pros De overlap is poorer for higher 
row elements” | but quantum mechanical calculations do not support 
this postulate. 

Most of the recent work has been concentrated on determining 
the character of a reaction intermediate of the type RoSi=CH, which 


could also be written as 


eed, Ti 
RySi-CHy or R,Si-CHp 


Experimental data from the thermolysis of silacyclobutanes 
have shown that some intermediate, which will add to olefins and is 
trapped by alcohols, ketones and aldehydes, exists. 

Gusel'nikov and Pmnn eras postulated dimerization of 


the intermediate: 


>400°C 


as ——+ [R,Si=CH)] + CoH, 


RoSi 

7 2 
ARS) Pope | 
Ro 


while at lower pressures the intermediate seems to polymerize to give 
(-R,SiCH,-)_. 
The rate constant for decomposition of the silacyclobutane 


compared very closely with the value for the decomposition of the carbon 
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analogue and the similarity of the Arrhenius parameters suggests that 
the same mechanism is occurring, i.e. breaking of one bond to form a 
biradical as the rate-determining step followed by Spontaneous decom- 


position to the intermediate and ethylene! 2), 


Sommer and conoreereecamas have used alcohols, ketones, 
aldehydes and olefins to trap the intermediate. Alcohols add across 


the "double bond" 
OMe 


[Me,Si=CH,] + MeOH —= Me,Si 


2 
Me 


With aldehydes and ketones the intermediate is probably 
6+ 6- 
best described as (Me,Si=CH, ) which behaves as an electrophile 
—p_ 7 + ——e- 1] ] 
a CH, (R,S10)..4(R,Si0), 


Jos + polymer 


Roark and Peddie !@/ 


have also postulated [MeoSi=SiMes] as a 
stabilized intermediate which could be captured by anthracene and 
naphthalene. 

A few theoretical calculations have been carried out on this 
problem with differing results. 

Ciceres. has studied silaethylene (H_Si=CH,) and disila- 
ethylene (HSi=SiHp ) using EHMO and CNDO calculations and has postulated 
that energy mismatching of carbon and silicon p-orbitals was responsible 
for a weak 1-bond in silaethylene (<10 kcals/mole) but obtained a strong 
m-bond for disilaethylene and predicted it should be quite stable. He 
Si-CH 


found the diradical H to be only ~35 kcals/mole less stable than 
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the olefin analogue. 

Silaethylene was also studied by Damrauer and Williams |2? 
using CNDO calculations and they obtained a strong m-bond, suggesting 
that there was theoretical justification for the existence of a stable 
Silicon-carbon double bonded species. 

Both sets of calculations found that the C=Si bond was very 
polar ($i-C) which could make it very reactive and perhaps explain its 
apparent reactivity. 

Walsh! 22 used kinetic and thermodynamic data to set limits on 
the m-bond energy in methylenedimethylsilane ((CH3)oSi=CHo) of 30-42 
kcals/mole thus making it about half as strong as the olefin m-bond. 


43 used MINDO calculations to calculate 


Dewar and co-workers 
heats of formation, molecular geometries and ionization potentials for 
numerous Silanes. Then, on the assumption that the ability of an 
unsaturated compound to undergo addition at a double bond would depend 
on the strength of that bond, they used the calculated heats of formation 
to obtain heats of hydrogenation from which m-bond strengths could be 
estimated. They estimated the m bond energies in C=Si to be 42 kcal/mole 
and in Si=Si to be 20 kcal/mole. 

Most of the results would seem to lead to the conclusion 


that the "double-bonded" species have a certain degree of stability 


but that the bonds are very polar and in consequence very reactive. 


F. Present Investigation 


Photolyses of monomethylsilane, dimethylsilane and disi lane 
have been undertaken previously in this laboratory. Photolysis of 


tetramethylsilane was therefore undertaken to extend the range of the 
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research and examine any mechanistic differences caused by the lack 

of Si-H bonds. It was hoped that this would help establish any trends 
in reactivity in the alkylsilane series and that these could then be 
compared and contrasted with the results from the photolysis of simple 
alkanes. 

During this study it was found that the trimethylsilyl radical 
was a major primary product and so the photolysis of bis(trimethylsilyl)- 
mercury was undertaken in a search for a simple gas-phase source of this 
radical. It then appeared desirable to examine the reactivity of this 
radical with other silanes to see if absolute rate constants for abstrac- 
tion could be derived so that Arrhenius parameters could be obtained 


and compared with the values for alkyl radicals. 
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CHAPTER II 


EXPERIMENTAL 


1. Vacuum Systems 

Two vacuum systems were utilized, one for photolysis and 
distillation, and the other, a mercury-free system, for manufacturing 
the xenon resonance lamps. 
i) The photolysis system was a conventional vacuum aan 
(Figure II-1) equipped with Delmar mercury float valves, Hoke TY440 
or Hoke 425106Y-316-SS valves, or stopcocks lubricated with high- 
vacuum grease. The system was pumped by a two-stage mercury diffusion 
pump, backed by a Welch Duo-Seal oi1 rotary pump. This was capable of 
achieving pressures of a torr of foreign gas although the vapour 


3 torr. Pres- 


pressure of mercury in the system was approximately 10° 
sures were measured with a mercury manometer or a McLeod gauge. 

A distillation line consisting of u-traps, a spiral trap, 
a solid nitrogen trap, and a Toepler pump, was used for purification of 
reactants and separation of products. 

Gas transfers and distillations were monitored on a Pirani 
Vacuum Gauge (Consolidated Vacuum Corporation type GP-140) using 
Pirani tubes (type GP-001) as the sensing heads. 

Samples could be introduced to a gas chromatograph via 
the Toepler pump and gas burette assembly. 


A low-pressure line was used to operate the mercury float 


valves, the manometer and the Toepler pump. 


ii) The second vacuum system was mercury free and pumped by a 
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three-stage oi] diffusion pump (Octoil S oi1), backed by a Welch 
Duo-Seal oil rotary pump. 

Greased stopcocks (Apiezon N grease) and Hoke 425106Y-316-SS 
valves were used. 

A Pirani vacuum gauge and tubes along with an oil manometer 
(silicon oi] DC 200) were used to monitor pressure. 

The lamp filler gases (xenon and neon) were stored in pyrex 


bulbs fitted with Hoke valves. 


2. Ultraviolet Techniques 
a) Light sources - xenon, mercury lamps 
i) The lamp used for the vacuum ultraviolet photolyses was 
a xenon resonance lamp. These lamps have been shown! 325133 to be the 
best sources of light in this wavelength region because of their high 


intensity (10! - 1916 


quanta/sec) and their monochromatic purity 
(Table II-1), which makes it possible to define how mucl: energy is 
being absorbed, to select quenchers or scavengers which will not 
photolyze and to eliminate ionization interference if desired. Their 
relative ease of manufacture and operation also commends their use. 

The main emission line of the xenon lamp is at 147 nm, with 
the line at 129.5 nm contributing about 2%. The lamps can be used at 
room temperature if a getter material (Ba-Al-Ni alloy) is used, or, in 
the absence of a getter, liquid oxygen can be used as a refrigerant 


to remove the impurities which would destroy the spectral purity of the 


lamp. 


ii) Other sources of radiation were a low-pressure mercury lamp 


(Hanovia 687A45) and a medium-pressure mercury arc (Hanovia 42569 type 
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TABLE II-1 


Emission Lines of Rare Gas Resonance Lamps ° 


Relative 
Gas Lines (nm) Abundance 
Xenon 147.0 100 
T2985 2 
Krypton 12326 100 
hee 28 
Argon 106.7 
104.8 
Neon 74.4 
Lao 
Helium 58.4 


a J. G. Calvert and J. N. Pitts,"Photochemistry", 
John Wiley and Sons, Inc., New York, 1967. 
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SH) (Table II-2). 
The low-pressure lamp was used as a source of 254 nm 
radiation and the medium-pressure lamp was used at various wavelengths 


from 200 to 400 nm by including appropriate wavelength filters. 


b) Xenon lamp manufacture 
i) The xenon lamps were cylindrical Pyrex tubes, 22 mm in dia- 
meter and 170-200 mm in length, fitted with a single lithium fluoride 
window, 28 mm x 2 mm, attached to a flat ground surface with black 
wax (Apiezon W). 

A subsidiary volume was attached to the main body of the lamp 
and in this one to four barium (Ba-Al-Ni alloy) getters (Kemet Division, 
Union Carbide) were placed imbedded in 14 mm Pyrex tubing (Figure II-2). 

The lamp was connected to the mercury-free vacuum system and 
evacuated for several days during which time it was frequently baked 
with a hand torch. The lamp was tested by filling with 5 - 10 torr of 
Neon and then discharging with a 2450-Mc/sec Hg 198 Microwave Exciter 
(Baird Atomic Inc.) operated at 40 - 50% power through a V-shaped 
antenna which was placed parallel to and from 1 to 10 mm away from the 
lamp surface. In this way adsorbed impurities (oxygen and water) on 
the lamp surface could be monitored. If significant amounts of impuri- 
ty were present the neon either would not discharge at all or would dis- 
charge only for a few minutes, the initial scarlet colour becoming 
pink and then ceasing altogether. If this occurred the lamp had to 
be re-evacuated and flamed again until it could hold a discharge of 
bright scarlet without flickering for more than one hour. The Barium 


getters were used to form a barium mirror on the walls of the lamp to 
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TABLE II-2 


Emission Lines of Mercury Lamps 


Lamp Wavelength (nm) Relative Intensity 
Low-pressure mercury? 184.9 20 
Asso 100 
Medium-pressure mercury 222 14 
232-248 38 
254 16 
265 is 
270-289 Le 
297 16 
302-303 24 
Si 50 
365-366 100 
404-408 42 
436 ig 
546 o3 
Shays) 76 


a B. T. Barnes, J. Applied Phys., 31, 852 (1960). 


b J. G. Calvert and J. N. Pitts, "Photochemistry", John Wiley and 
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FIGURE II-2. 


Xenon Resonance Lamp. 


B, Ba-Al-Ni getters. 


A, lithium fluoride window. 
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adsorb impurities generated during the lamp's use. The getter was 
heated by a current controlled by a rheostat, firstly to degas (1-2 
volts), then the current was increased until the getter was a bright red 
(4-5 volts) and a black mirror formed on the walls of the getter tube. 
When more than one getter was incorporated in the lamp they could be 
used in turn to prolong the life of the lamp when it was seen to deter- 
jiorate. One getter was usually discharged just before or just after 
filling the lamp with xenon. The operating lamp was filled with 0.2 - 
0.3 torr of xenon and 1.5 - 2.0 torr of neon as carrier gas. The lamp 
was tested with the microwave generator at this point and then sealed 
off with a hand torch if it performed satisfactorily. 

The lamps tended to deteriorate with usage and several 
lamps were used in this study. All the lamps required the use of a 


Tesla coil (Electro-Technic Products) to initiate the discharge. 


ii) The lamps used in the condensed phase studies were similar 
to the gas phase lamps except that they incorporated a male 40/50 
ground glass joint and the lithium fluoride window was attached with 
epoxy resin (Armstrong Products Co., Inc.). Black wax (Apiezon W) 
could not be used in this case since the lack of cooling inside the 
photolysis cell allowed the black wax to heat up to such an extent that 


the window could be detached from the lamp. 


c) Windows 
The most commonly used window materials in the ultraviolet and 
vacuum ultraviolet regions are shown on Table II-3. 
i) In the vacuum ultraviolet quartz is the most suitable 


material for wavelengths down to 170 nm, followed by suprasil down to 
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TABLE II-3 


Window Materials¢ 


Thickness Wavelength (nm) 
Material (mm) for 10% Transmission 
LiF ] 105 
CaFo (synthetic) 3 122 
Sapphire (synthetic) 0.5 142 
Suprasi] ] 155 
Quartz, clear fused 10 lif 
Quartz, crystal 10 186 
Vycor 791 ] (AWA 
Vycor 790 2 254 
Corex D ] 250 
pret (Corning 774) 1 280 
Window glass (standard) 1 307 


4 J. G. Calvert and J. N. Pitts, Jr., Photochemistry, John Wiley and 


Sons, Inc., New York, 1966, p. 748. 
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155 nm. These are convenient in that they can be joined directly to 
a quartz reaction vessel, or through a graded seal to a pyrex vessel, 
and they can be heated quite strongly. 

Sapphire is good to 142 nm which means that it can transmit 
the 147 nm xenon line while selectively screening out the 129.5 nm 
Tine. 

Synthetic calcium fluoride is transparent to 122 nm and 
lithium fluoride has the shortest wavelength cut-off of readily avail- 
able materials at 105 nm. These windows are more fragile and the most 
convenient way of affixing the windows to the cell is by using black 
wax (Apiezon W). 

The low wavelength transmittance cut-offs shift to the red 


134 


with increasing temperature This does, however, restrict their 


use to room temperature studies. 


ii) Near Ultraviolet Region - At wavelengths greater than 300 nm 
there are a large number of glass and chemical filters for the isola- 
tion of desired wavebands but between 200 and 300 nm the range is more 
limited. The simplest solution to eliminating higher energy radiation 
is provided by the range of glass filters from Vycor to window glass 
Shown on Table II-3. 

There are some chemical filters in this region. The 254 nm 
mercury line can be isolated by using aqueous solutions of NiSO, or 
CoS0q with a 5 cm path length. However in general the percentage trans- 
mission is less with the chemical filters and their use is associated with 
fairly stringent operating conditions (e.g. the NiSO,, CoSOq solutions 
should be pre-irradiated for ca. 4 hours to obtain a constant trans- 


mittance which lasts for several days.) 
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3. Photolysis Systems 
Four different cells were used in various experiments, all of 


which were carried out under static conditions. 


i) A cylindrical Pyrex cell 25 mm in diameter and 175 mm in 
length with a volume of 132 ml including cold finger and valve attach- 
ment was used in the vacuum ultraviolet photolysis of tetramethylsilane. 
The cell had a single lithium fluoride window, 28 mm in diameter and 
2 mm thick, which was attached to the ground glass surface at one end 
of the cell body with Black Wax (Apiezon W). The window was removed 
and polished after each photolysis with Cerium Oxide (Optical Equipment 
Company) to remove polymer formed on the inside surface. The cell win- 
dow was placed against the lamp window, and both were surrounded by a 
glass cylinder through which nitrogen flowed during photolysis to 


remove oxygen which would strongly absorb the emitted radiation. 


ii) Photolysis of bis(trimethylsilyl)mercury was carried out in 
a cylindrical quartz cell 48 mm in diameter and 150 mm in length with 
a volume of 177 ml including cold finger and valve attachment. This 


cell had 2 mm thick quartz windows. 


iii) The third cell was used in the search for fluorescence from 
tetramethylsilane. This was a quartz cell 38 mm in diameter and 148 mm 
-in length with a volume of 170 ml including cold finger and valve 
attachment. It has a 2 mm thick quartz window, and at ninety degrees 


to it, a 2 mm thick lithium fluoride window. 


iv) In the condensed phase studies a pyrex cell was fittea with 


a female 40/50 ground glass joint so that the lamp could be operated 
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within the cell, which was 120 mm in length and 45 mm in diameter. The 


lamp was sealed into the cell with black wax (Apiezon W) (Figure II-3). 


4. Analytical Systems 
The main analytical method employed was gas chromatography 
with detection by flame ionization or thermal conductivity. 

i) The thermal conductivity gas chromatograph (Gow-Mac TR-11-B) 
was coupled directly to the high vacuum system. The power supply was 
a Gow-Mac 9999C and the results were read out on a Sargent recorder. 
This system was used for gases which are non-condensable at liquid 


nitrogen temperatures (H CHa, O55 CO). The power supply unit was 


>? 
operated at 150 ma when helium was the carrier gas (for CO, 05 analysis) 
and 110 ma when argon was the carrier (Ho, CH analysis). The chromato- 
graph was operated at 142°C and the gas flow was controlled by an 
Edwards needle valve. The pressure of the product gases was measured 

in a gas burette in the high vacuum system and the gases were then 
introduced to an evacuated loop through which the carrier gas flow of 
the gas chromatograph could be diverted by means of three switch-type 
Hoke valves. The stream then flowed to a 13X molecular sieves column 


and thence to the detector. Response factors were measured and used to 


calculated relative amounts of products. 


ii) The flame ionization gas chromatographs used were a Perkin- 
Elmer 881 anda Hewlett-Packard 5750, the former being used in the initial 
stages for the condensed phase studies and the latter for the remainder 
of the work since it was ten times more sensitive. Both used helium as 
carrier gas through a dual column arrangement, with the Perkin-Elmer 


using spiral glass columns and the Hewlett-Packard aluminum or stainless 
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steel columns. Sample introduction was by gas syringe injection and 
the results were displayed on a Sargent RS recorder. Response factors 
were determined for as many of the products as possible and used to 
calculate relative product yields. Absolute yields could be found by 
including a calibrated internal standard. 

The columns used, their construction, and their operating 


conditions are summarized in Tables II-4 and II-5. 


5. Procedure 
i) Photolysis of Tetramethylsilane 

Reactants were introduced into the photolysis cell and the 
xenon resonance lamp was initiated with a Tesla coil. All studies 
were done at ambient temperature and the lamp was operated at 15% - 
90% power from the microwave generator. The space between the cell 
and lamp windows was flushed with nitrogen during photolysis to 
remove oxygen which strongly absorbs the 147 nm radiation. Formation 
of a polymer on the inside of the cell window during photolysis 
necessitated actinometry runs before and after each photolysis. Carbon 
dioxide was used as the actinometer taking (CO) = 1.00. Pressures 
of 100 torr and photolysis times of 5 minutes were generally employed. 
The polymer formed was removed after each determination by removing 
the cell window and polishing it with a paste of cerium oxide and 95% 
ethanol. 

After photolysis the reaction mixture was frozen down (-196°C) 
and the non-condensable gases pumped off with a one-stage mercury 
diffusion pump and a Toepler pump to the gas burette where their 


absolute yield was measured. The non-condensable gases were then 
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introduced to the thermal conductivity gas chromatograph for analysis. 
The condensable products were then transferred along with the 
substrate to an ampoule fitted with a Burrell Silicone rubber seal. The 
mixture was allowed to warm up and was raised to atmospheric pressure by 
introducing helium with a gas syringe. The ampoule contents were mixed 
by pumping with the gas syringe and a suitably sized sample (1 - 2 ml) 
was then withdrawn for injection onto the appropriate column of the flame 


ionization gas chromatograph. 


ii) Photolysis of Bis(trimethylsilyl )mercury. 

The mercury lamps used in these studies were warmed up for 
fifteen minutes before use and were placed 10 - 50 mm from the cell 
window with the selected filter in place. The mercurial was degassed 
before each run and then a known amount was frozen into the photolysis 
cell cold finger which was covered with aluminum foil to prevent 
photolysis of the solid mercurial. Any other reactant was then 
measured out in an adjacent volume and frozen into the cell. The 
mixture was allowed to warm up and then photolyzed. The whole reac- 
tion mixture was then transferred to the ampoule fitted with the sili- 
cone rubber seal and the procedure continued as for the tetramethyl - 


Silane photolysis. 


iii) Fluorescence from Tetramethylsilane 
The 170 ml cell was enclosed in a black box with two 
apertures aligned with the cell windows. A xenon resonance lamp was 
used to photolyze the gas through the lithium fluoride window and an 
IP 28 photomultiplier was placed against the other aperture. Nitrogen 


was used to flush the air from in front of the xenon lamp and a 210 nm 
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interference filter was fitted between the cell and the photomultiplier 
to eliminate visible and unwanted radiation (Figure II-4). Photo- 
multiplier readings were recorded with the cell empty and with 10 - 100 
torr of gas present. All measurements were taken in a darkened room. 
The light intensity from a low-pressure lamp was calibrated by using 
nitrous oxide (O(N) = 1.44) as an actinometer and this was then used 


to give a reference signal on the photomultiplier. 


iv) Photolysis in the Condensed Phase 

Reactants were introduced into the cell in the gas phase and 
then solidified or liquefied onto the flat surface at the bottom of 
the cell by using an appropriate low-temperature bath on the outside 
of the cell. Photolyses were done in sequence by irradiating for a 
certain period of time, then pumping off any non-condensable products, 
freezing down another layer of reactant and then repeating the process 
up to ten times. Carbon dioxide in the gas phase was used as the 
actinometer. After photolysis the products were treated in the same 


way as in the gas phase photolysis. 


6. Other Equipment 


i) Mass spectra were determined on Associated Electronics 
Industries instruments, models MS2, MS9 and MS12. 
ii) Hydrogen, methane and ethane isotope ratios were determined 


on an Associated Electronics Industries Model MS10 mass spectrometer. 


7. Materials 


A list of the materials used in this study is given in 


Table II-6. 
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CHAPTER III 


THE XENON RESONANCE LAMP PHOTOLYSIS 
OF TETRAMETHYLSILANE 


RoeeRESULTS 

The direct gas-phase photolysis of tetramethylsilane (TMS) 
in a static system by a xenon resonance lamp was studied as a function 
of substrate pressure, exposure time, concentration of added free 
radical scavenger, and mole fraction of tetramethylsilane in mixtures 
of tetramethylsilane and per-deuterated tetramethylsilane. All 


experiments were done at room temperature. 


1. Products 

The products of photolysis are given in Table III-1 and are 
“listed here in decreasing order of importance: ethane (CoHe) » 
methane (CHy), trimethylsilane (Tri-MS), hydrogen (Ho) hexamethy] - 
disilane (HMDS), ethyldimethylsilane (EDMS), ethyltrimethylsilane 
(ETMS), and three other disilanes tentatively identified by retention 
time and mass spectrometric analysis as 2,2,4-trimethyl-2,4-disila- 
pentane (Tri-MDSP), 2,2,4,4-tetramethyl-2,4-disilapentane (Tet-MDSP), 
and 1,4-dimethy1-2,5-disilahexane (DMDSH). In addition traces of 
ethylene, propane, propylene, dimethylsilane and two other unidentified 
disilanes were also found (all comprising <1% of total product yield). 
A solid polymeric substance also formed as a deposit on the inside 


of the reaction cell window. 
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TABLE III-1 


Relative Yields of Products 


(Pressure Stabilized) 


Product Relative Yield (%) 
ee ee ee ee ee ane ee ee 
CoH, 3020 
CHa 11416) 
Tri-MS 1220 
Ho 9.0 
HMDS seh) 
EDMS 30 
ETMS 3.5 
Tri-MDSP 2.0 
Tet-MDSP Lake) 


DMDSH 1.0 


2. Effect of Substrate Pressure 

The effect of substrate pressure from 5 to 400 torr on 
product yields was examined in 15 minute photolyses. The relative 
yields are listed in Table III-2 and shown graphically in Figures 
III-1, III-2 and III-3 where it can be seen that the yields of methane, 
trimethylsilane and hexamethyldisilane increase slightly with 
pressure indicating pressure stabilization of "hot" products. Ina 
complimentary fashion the yields of ethane, hydrogen and ethyldimethy1- 
Silane decrease with increasing pressure indicating that at lower 
pressures their yields are increased by fragmentation of "hot" products 
to produce more hydrogen, methane and methyl radicals. Other products 
are not noticeably dependent on pressure. Since yields are essentially 
constant above 100 torr, all subsequent experiments were carried out 
at pressures of 100 torr or higher to avoid interference from pressure- 
dependent fragrentations. The average relative yields of the pressure 


stabilized system are summarized in Table III-1. 


3. Effect of Exposure Time 

An exposure time study was carried out to determine the 
product quantum yields since the polymeric deposit on the cell window 
caused a decrease in the light intensity throughout the photolysis, 
making the absorbed light intensity a function of photolysis time. 
Carbon dioxide was used as the actinometer both before and after each 
photolysis using ¢(CO) = 1.0 (Chapter I, section C-2). The aim was to 
plot the post-actinometric light intensities vs. time and integrate 
to obtain the actual absorbed light. However it was found that the 


post-actinometric runs were not dependable since the ratio of 05 to CO 
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TABLE III-2(a) 


Relative Yield (%) As A Function of Substrate Pressure 
ee ee ee ey oy PUNECLON OF UDSA race pressure: 


Pressure 
(torr) CHa CoH, Tri-MS Ho HMDS 
5 2A 3871 8.6 6.9 on 
one 24 .3 Be ie 5.4 14.8 5.4 
9 2073 2oR7 128 Tile 3.4 
9.5 Zab ais 6.9 12¢2 5.8 
10 27.4 Sie0 8.6 On 4.1 
1625 26.2 3520 7.8 8.4 4.7 
19 VAS A) ey 8) Oe 6.9 jak 
20 24.5 Slee 10.1 10.4 4.7 
23 28.5 3556 S23 7e\ ole 
30 258 ZoR) 10.8 ie D salt 
34 3120 ied 1.25 oon Sh | 
50 O32 36.3 8.9 bE 7.3) 
53 (ashes) 29.0 Gao eb 8.6 
56 29.6 26.4 6.8 15R 0 4.6 
100 28.4 s2e0 Wea 6.8 bao 
138 210 29.9 10m S23 Oe 
179 glee 29.8 Sh) 9.0 fhe 
200 S423 Sie 13.4 os) OM 
(alfa Shere Boee pihss' 10.8 4.] 
400 she) i) Ney 16.4 9.6 4.4 
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TABLE III-2(b) 


Relative Yield (%) As A Function of Substrate Pressure 
ee eens ner UNCLIONSO TE SUDS thd bear nessutres 


Pressure 
(torr) ETMS EDMS Tri-MDSP Tet-MDSP DMDSH 


5 4.2 726 2a 1.4 0.8 
Seo S15) GE2 Sa0 Zols 135 
9 30 6.3 ans is 0.7 
Les 4.8 8.3 3a 22) URS) 
10 4.5 jee) Zap Lad OFF 
LGR 3.4 7 Cao 1.4 0.8 
19 Ba0 Gra Oo ins Pas 
20 4.8 lest) 2.4 le 0 
23 Shas! Seo Za) Tal 0.9 
30 Sal Gaz 225 1.5 die) 
34 Sts) 336) (ess) hes Ooy, 
50 220 a7, Sau ls! al 
a5) St) 4.9 Oa0 re) 238 
56 Tea lee Vo 07 2.0 
100 3.4 3.0 0 0.8 Deo 
138 4.6 2.0 (A 38) 1.8 a2 
179 S30) las (e: 1.4 Iz 
200 4.3 Zi 0.6 O39 DEG 
TAS. aS i Wor Gaz 0.4 
400 “es 1.4 0.4 Usd 0.8 
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varied with the exposure time of the preceding silane photolysis 
(Figure III-4). The pre-actinometric runs had an essentially constant 
05/CO ratio of 0.50 whereas in the post-actinometric runs this ratio 
decreased to as little as 0.06. This was interpreted as arising from a 
reaction between oxygen and the deposited silicon polymer during acti- 
nometer photolysis and leads to the possibility of complicating reactions. 
This was not investigated further and quantum yields were determined by 
using the pre-actinometry light intensities to obtain product quantum 
yields which were plotted vs. exposure time. Exposure times varied from 
30 seconds to 15 minutes and the results are shown in Table III-3 and 
graphically on Figures III-5, III-6 and III-7. Extrapolation of these 
plots to zero time should give correct product quantum yields since this 
is equivalent to extrapolation to zero polymer formation. Since these 
plots are exponential in nature the error in the extrapolated values 
was minimized by using semi-log plots of ® vs. time. The product 
quantum yields so obtained are summarized in Table III-4. 

The exposure time study was also used to decide if any of the 
products were of secondary origin. As shown in Table III-5 and graphi- 
cally on Figures III-8 and III-9 all the product yields are essentially 


constant with time, consequently they are of primary origin. 


4. Effect of Nitric Oxide as Scavenger 
It has been shown previously that nitric oxide is an efficient 


93,105,135 ‘ 
while car- 


scavenger of monovalent alkyl and silyl radicals 
benes and silylenes are unaffected. Thus photolysis in the presence of 


a few torr of nitric oxide should enable us to differentiate between 
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Quantum Yield As A Function of Time 


TABLE III-3(a) 


iz 


CH, CAH Tri-MS D HMDS 
i Peierls Se te Deen i ee ee Ty a Pe 
F215 0.249 0.098 0.078 0.069 
OF 225 529 0.096 0.096 0.074 
0.186 0.143 0.072 0.053 0.042 
Os 0.148 0.056 0.048 0.038 
Omlize 0.107 0.048 044 0.029 
0.106 0.105 0.042 0.037 0.026 
0.097 0.068 0.035 0.032 0.019 
0.089 0.075 0.029 0.030 0.020 
0.065 0.066 0.025 0.023 0.018 
0.067 0.057 0.023 0.028 0.015 
0.050 0.035 0.018 0.020 0.013 
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TABLE III-3(b) 


Quantum Yield As A Function of Time 


ae ETMS EDMS Tri-MDSP Tet-MDSP DMDSH 
2 07031 OrUs3 QE U3Z 0.014 0.011 
Wt 0.034 0.032 0.034 0.016 0.009 
] 0.020 02025 0.018 0.007 0.006 
Z 0.018 0.021] De017, 0.007 0.005 
3 0.015 0.016 0.011 0.005 0.004 
A 0-013 OMS 0.01] 0.005 0.003 
5 0.009 0.011 0.007 0.004 0.003 
y 0.009 OF 0s 0.008 0.004 0.003 
10 0.008 0.009 0.007 0.003 0.002 
12 0.007 0.009 0.006 0.003 0.002 
15 0.006 0.007 0.005 0.003 0.002 
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Quantum Yields of CoHe and Tri-MS as a Function of Time 


from the Xenon Lamp Photolysis of Tetramethylsilane. 
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FIGURE III-6: Quantum Yields of CHa and Ho as a Function of Time from 


the Xenon Lamp Photolysis of Tetramethylsilane. 
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FIGURE III-7: Quantum Yields of ETMS, Tri-MDSP, DMDSH, HMDS, EDMS 
and Tet-MDSP as a Function of Time from the Xenon 


Lamp Photolysis of Tetramethylsilane. 


TABLE III-4 


Quantum Yield of Products at Zero Time 


Product Quantum Yield 6° 
Cole 0735 
CHy 0733 
Tri-MS O.. 18 
Ho OF 
HMDS 0.09 
EDMS 0.05 
ETMS 0.04 
Tri-MDSP 0.04 
Tet-MDSP 0.02 
DMDSH 0.01 


TABLE III-5(a) 


Relative Yield (%) As A Function Of Time 


Time 
(mins ) CHy CoHe Tri-MS Ho HMDS 
Wa Pee 29.1 Wiss Oe Seal 


1/2 2250 Cie) 10.8 1029 8.4 
i 


] SI 5 24.3 Is Oa) The 
2 On] ae eate The@ O70 7.4 
3 SUag/ 257.6 1185 LOR? ea!) 
f 2650 23.2 The 10.0 oS) 
5 Sige) 23.0 1280 Lie 6.6 
7 Stal 26.0 1L0=3 10.4 Tha 
10 Zon 28.6 10.7 SoS IP) 
12 3055 20-0 10.2 Lee, 6.6 
ie Sie Cle) 10.9 12.4 8.4 


aS | ees, Oe ae 
nite) 1) ae . 
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TABLE ITI-5(b) 


%) As A Function Of Time 


Hae ETMS EDMS Tri-MDSP Tet-MDSP DMDSH 
Wie 3.6 hse Sil) 1.6 iss) 
Were Sin ale fine (ag 8 
] S159 4.2 SL 8 10 
2 3.6 4.3 ays) ie3 ie 
3 Sof Shy! aed) es O59 
4 3.4 4.0 ras) 1.4 O79 
5 350 3.6 a8) 3 O89 
7 Se 4 te Se) 1.5 1.0 
10 30 Sa 250 1.4 1-0 
We Sho) 4.2 2.0 1.4 O29 
15 o-0 4.2 Sat 1.6 1¢0 
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products formed by monoradical processes, and those formed by diradical 
or molecular processes, since nitric oxide will suppress formation of 
radical combination and abstraction products. 

Experiments were carried out with up to 10% added nitric 
oxide and the results are shown in Table III-6 and Figure III-10. 

Ethane, ethyldimethylsilane, hexamethyldisilane and the three 
other disilanes seem to be formed wholly by monoradical reactions since 
their yields are drastically suppressed by nitric oxide. 

Trimethylsilane and ethyltrimethylsilane are both partially 
reduced from their original yields indicating that there are at least 
two modes of formation for each product, only one of which is scavenge- 
able. 

Similar mechanistic conclusions cannot be deduced from the 
changes in the yields of hydrogen and methane owing to the chain nature 
of the nitric oxide scavenging reaction. Similarly the yields of 
siloxanes produced indicate the presence of short chains in addition to 


demonstrating the presence of the radical (CH.) Si. 


5. Isotopic Labelling Studies 


The non-deuterated and per-deuterated tetramethylsilanes 
were photolyzed in separate experiments at 100 torr to determine the 
relative yields of each product, since these could well be different. 
The total primary quantum yields should both be unity. Results are 


shown on Table III-/7. 


To determine the modes of formation of hydrogen and methane 
in the system photolyses were carried out using various mixtures of 


(CH), Si and (CD.),Si. 


taht 
m Wel i 1h the ines’ ‘ 


i? peices sae 


cot le atte Ay iw jug ie vi a) int _ 


rn & 7 a 
ea ha. o 


e sia akon 


o 
i = 


a 


sie ss My: 
CFL)! ja! " " ie, a jut : * ™ it 7 Ue 
bf ia uote aly (Gent arn ( nae + ocr: hye 7.) es 


sb4- i480 «lO5 i yt tal | abel ear 70 ray i “nd a2: sana 
by a LY tet tas) a wees ei ‘ 


i . Hp, ee 
bi ame 


vaio lif ude, Pawan ocala: titan vata hime 
+ 7 Ny vt 

by Teo ee ner ime! Te en 
| ' ia et 
“tahoatl conned cop lottahpe 31: Hn Gite lh anil 


b Fiag. thet the amare inn: #1 4 ait - 


; (imped, rr ree ws ad oat ong 
ve }" ‘ : 
; ir ie fee Mulied B58’ ary’ PD we feo bm iP 
n a YY 
‘eoinah 


\ 8) - Ip Bet aad) Vg “aay witt phe 


, 
i. 
” | aphos repre) shgeree 


iy - = 2 eh 


carrey Gat wisbeat “atay allan Wad oy ; hesindls as mt! 

7 

age. wibeytah ad me Pe: te hurteae’ anaes dé Ruy 
Agent We ra sha ui we ads agave: eabbenle pn Hite 

~~ 


9 
on rear ein 9 am a = eit Perel y sane lee eng fh had 


‘ yy la 
ey a 4 : q¥ ae -_— 


an a, a 
he ait pace Pee etre nb ate 9 


me wy ~ 


TABLE III-6 


Effect of Nitric Oxide on Photolysis of 


= leeEaEaeaeaoaoaoaoaoaoaoaaoaoaoaooaooaoaooo 


Product 


Colle 
CHy 


HMDS 
EDMS 
ETMS 
Tri-MDSP 
Tet-MDSP 
DMDSH 

A 

B 


HMDSO 


a 
° 


Sa wT S&S fe |S] oS S&S S&S 


Tetramethylsilane 


0.0 


umoles product 


(Per added Nitric Oho 


2.5 5.0 
0-210 seme 0,010 
——————— 
0.100 0.091 
a 
0.001 0.000 
0.017 — 0.011 
0.059 0.050 
0.000 0.002 
0.000 0.000 
0.003 0.000 
3 [0.817] 
[0.322] [0.371] 
0.288 0.328 
[0.004] [0.010] 
[0.028] [0.028] 
0.450 1.780 


a: not determined. 


[ ]: response factors 


not known, taken 


10.0 


0.004 


[0.145] 
[0.428] 
0.985 
[0.042] 
[0.087] 
2.200 


Same as for HMDS. 
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TABLE III-7 


Comparison of Relative Photolysis Yields for Tetramethylsilane 
and Tetramethy1silane-d,. 


® TMs 
Relative Yield (%) W) 

Product TMS TMS-d45 TMS-d, 5 
Ethane 30.0 OH esl 

Methane 31.0 32.0 0795 
Tri-MS 1220 9 9 

Hydrogen 9.0 TOe2 0.88 
HMDS 6.0 6.8 

EDMS 3.0 3.9 

ETMS B25 Zo 

Tri-MDSP 240 Te 

Tet-MDSP iso) 0.4 


DMDSH 1.0 Oc7, 
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Analysis of the isotopic yields of the hydrogen, methane and 
ethane produced should indicate the relative contributions of molecular 
elimination and abstraction to the product yields. The isotopic composi- 
tion of the products is listed in Table III-8 and shown graphically on 
Figures III-11, III-12 and III-13. 


B. Auxiliary Studies 
1. Fluorescence Yield 

A search was made for a fluorescence signal from tetramethyl- 
Silane and neo-pentane to determine if the quantum yield of decomposition 
was unity within experimental error. 

No fluorescence was observed and a maximum value could be 
assigned to the fluorescence quantum yield from the error in the 
recorder baseline. 
| From nitrous oxide actinometry the output of the low-pressure 


Me quanta/sec. and this gave 


Hg lamp in the region studied was 2 x 10 
an output signal which was 10° times greater than the error in the 
baseline. Since the light intensity of the xenon lamp used to photolyze 
the tetramethylsilane was 2 x 1016 quanta/sec. the maximum value for 


the quantum yield of fluorescence is 107© for both tetramethylsilane 


and neo-pentane. 


2. Condensed Phase Photolysis of Dimethylsilane 
An auxiliary study was carried out on the condensed phase 
photolysis with a xenon lamp to investigate any differences in product 
distribution caused by the inhibition of secondary decomposition of 


internally excited fragments by the change in density as has been 
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TABLE III-8 


Isotopic Composition of Hydrogen, Methane and Ethane from the 
Photolysis of Mixtures of Tetramethylsilane and Tetramethylsilane- di 5 


ic cetera ee 


yee 0) Mole Fraction of Tetramethylsilane 

Product 0.0 OF 10Sme 05250 eS 025 Oe75 1.00 
Ho 0.000 0.696 0.739 0.890 0.802 0.908 1.000 
HD Oa000 R02 2385 002215 Onl 02 g05 10 eeOe0G2 emo 000 
Do TROOO 0" 0660 905040 SO, 00825202007 Os00Smen Ge 0UD 
CH, 0.000 0.132 0.318 0.671 0.555 0.802 1.000 
CH3D Qs0008 0018. —07021 ~"0l03884.0-032  De0z7) F 0n000 
CD3H 0300075 05162" O14). SO2029RRIO CSG 59 070425 50.000 
CD, Pa0U0.) 20.663>9807520 » 60 2 Bee 0327 On lz oe Or 0GD 
CoHe Oa000 = 02137) 905145 a 054755" 07691) 12000 
CH3CD. 0.000 0.200 0.364 a 053425 7052/78 a 0L 000 
CoDe 1.000 0.663 0.492 a 0.1825 507031) 907000 


a: not determined. 
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FIGURE III-11: 


Mole Fraction TMS 


Variation in Isotopic Hydrogen Yield As A 


Function of Relative Amounts of TMS and TMS-dy 5. 
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Variation in Isotopic Methane Yield As A Function 


Of Relative Amounts Of TMS and TMS-dyo. 
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demonstrated for a number of saturated agente 


This was carried out on dimethylsilane since the gas phase 
decomposition had been studied and the primary fragmentation processes 


Braet dateduon: 


The product yields were drastically reduced, with hydrogen 
and methane being measurable, and other products were obtained in such 
low yields that they were not readily identifiable on the gas chromato- 
graph, even with exposure times of two hours. 

Different designs of cell and lamp assemblies were tried to 
optimize the yields and it is not clear at this point if the low values 
are due to geminate combination and disproportionation cage effects or 
simple deactivation in the condensed phase or to differences in the 
absorption characteristics of the gas and condensed phases. 

Results are shown in Table III-9 and Figure III-14 and 
extrapolated values give *cHy = 0.045 and Hy = 0.033 compared to gas 
phase values of tcH, = 0.20 and *H = 0.90. 

The project was discontinued at this point due to the experi- 
mental difficulties associated with measurement of products, percentage 
conversion and possible photolysis of products, and variation in lamp 


intensity over long periods of time. 


C. Derivation of Mechanism 

The photolysis of tetramethylsilane can proceed via a 
number of primary steps but with the preceding experimental evidence 
it is possible to deduce the most probable primary steps and calculate 


values for the primary quantum yields. 
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TABLE III-9 


Quantum Yield as a Function of Exposure Time in 


the Condensed Phase Photolysis of Dimethylsilane 


eee o——EoaoaooooooEoEoEoESEooooEEoEoo—eEeESSS 


pe on Peal Phase 
15 0.027 0.035 Solid 
15 0.020 0.032 Solid 
50 0.011 0.017 Liquid 
60 0.008 0.015 Solid 
90 0.007 0.001 Solid 
120 0.007 0.013 Solid 


Solid at -196°C 
Liquid at -139°C 


0.06 


0.04 | 


APPARENT QUANTUM YIELD 


FIGURE ITI-14. 


x METHANE 
© HYDROGEN 


PHOTOLYSIS TIME (hours) 


Quantum Yields of Observable Products in the 
Condensed Phase Xenon Lamp Photolysis of 


Dimethylsilane. 
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The mechanism aaTRSe Should account for all the observed 
products as well as all the fragments from the primary photolysis 
SCeDS-. 

The nitric oxide scavenging experiments showed that 
ethane, ethyldimethylsilane, hexamethyldisilane and the three other di- 
Silanes were formed by radical combination or abstraction and the 
radical yield required to bring about the observed products can be 
calculated from the product quantum yields (Table III-4). An extra 
Significant figure is carried throughout the calculations to prevent 
round-up error and final results are reported with two significant 
figures. 


Ethane can be obtained by the combination of methyl radicals, 
or by abstraction by an ethyl radical from the substrate, 
CoH, + (CH3),Si are COll et CHSi(CH3)3 {2} 


The presence of ethyl radicals in the system would lead to 


the following reactions 


20 He — n-CyHy 9 (3) 
2CoHe == (iced Ath. {4} 
COUR CH at CoH {5} 
CoH, + CH3 — CH, + CoH, {6} 


The observed traces of propane and ethylene and the absence of 
n-butane indicate that ethyl] radicals are probably present in the system 


but in very small amounts thus reaction {1} is the major source of ethane. 
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Since {1} = 0.350 then from this step o(CH3) = 0.700. 
Hexamethyldisilane is formed by combination of two trimethyl - 


silyl radicals, 


2(CH3)3Si —> (CH3)3SiSi(CH3). Uh, 


The possibility of dimethylsilylene insertion into substrate to 
form HMDS 

(CH, )0Si " (CHa) 4Si me (CH,)S1Si(CH3). {8} 
is ruled out because the yield of hexamethyldisilane is completely sup- 
pressed in the presence of nitric oxide. {7} = 0.095 so the yield of 
trimethylsilyl radicals required is 0.190. 

Ethyldimethylsilane is also wholly scavengeable and here we 
have more than one possible route of formation. 

Simple radical cross-combination reactions such as 

CH3 + CHoSiH(CH3)>5 oe CoHeSiH(CH3)5 {9} 

CoHs + SiH(CH3)5 — CoHeSiH(CH3)o {10} 
can be ruled out since there are no dimethylsilylmethyl or dimethylsily] 
radicals in the system. 

One possible route is via combination between a monoradical 
and a diradical, followed by abstraction from the substrate or another 
radical: 

CH. + CH,Si(CH CH AGH Si(CH3), elle 


3 2 3)2 Saez 

CoHsSi(CH3). + (CH3)4Si — CH, SiH (CH. )., + CH,Si(CH3). {12} 
This reaction would be quite favourable if the diradical had a certain 
degree of m-stabilization (Chapter I, section E) since radical addition 
to a double bond is a very efficient reaction. 


Another possibility is via rearrangement of a monoradical 
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89 
CHoSi(CH3) 4 mens CHaCH,Si (CH), {13} 


followed by abstraction {12}, or disproportionation with another radical: 


CHCH,Si (CH), ns Si(CH3). cern Cn Aaa SiH(CH3)» teCHESa(CH 


See 2 3)2 


{14} 
This possibility is more unlikely since radical rearrangements seem to 
require large activation energies. There is no good evidence for alkyl 
group migration in free radical isomerizations and even hydrogen transfer 
is difficult except from the carbon atom on the 4th, 5th or 6th position 
from the radical centre! We cannot differentiate between these choices 
experimentally. If ethyldimethylsilane is formed exclusively via reac- 


tions {11} and {12}, then since {12} = 0.050 the yield of methyl radi- 


cals required from this step is also 0.050. 


The three other disilanes are formed from reactions of the 
silyl radicals present in the system. It will be shown later that the 
major silyl monoradicals in the system are (CH) Si and CH,Si(CH3) 3. 

The disilane identified as trimethyldisilapentane could be 


formed by monoradical and diradical combination followed by abstraction 


from the substrate: 


(CH,),Si + CH,Si(CH,), —* (CH3)3SiCHSi(CH3)2 {15} 
(CH) 3SiCH,Si(CH3)> + (CH3)gSi—> (CHg)sSiCHySiH(CH,), + CH,Si (CH). 
{16} 


Once again, this could be interpreted as trimethylsilyl 
radical addition to a quasi double bond. 
Tetramethyldisilapentane is formed by cross-combination 


between the two major silyl radicals: 
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(CH. ) Si CHySi(CH3), = (CH) SiCH Si (CH 


, (17) 


3)3 


The combination of two trimethylsilylmethyl radicals would 


form tetramethyldisilahexane, 
2(CH3) SICH, are (CH3) 3SiCHoCHoSi (CH3)3 {18} 


which was tentatively identified as one of the trace products. 
Dimethyldisilahexane formation would seem to require combina- 


tion of two diradicals followed by abstraction 


2(CH,)SiCH meee CH 


3) pSiCHyCHASi(CH3), {19} 


ea ely 


2 


3) pS iHCH,CH,SiH(CH 


7 2CH,Si (CH 


Pere) 5 57cH,cHesi (CH Sia GH 


3)2 mae 3)2 3)4 3)2 
3)3 £20} 


Formation of the disilanes requires a trimethylsilyl radical 


yield of {16} + O17} = 0.055. 


About 30% of the yield of trimethylsilane is unscavengeable in 


the presence of nitric oxide and this can be formed in a primary step: 
(CH) 4Si mre On (CH) SiH Tal 


Elimination of carbene has been found to occur in other 
silyl and alkyl systems. (Tri-MS) = 0.135 so {21} = 0.040. 

It will be shown later that disproportionation of trimethyl- 
silyl radicals is a minor process with kq/k, = 0.04 (Chapter IV). Thus 
the yield of trimethylsilane from disproportionation would be 0.04 x 


0.095 = 0.004. 


2(CHz)S1 ——> (CH3)SiH + CH)Si(CH3)> {22} 
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The rest of the trimethylsilane is possibly formed by abstrac- 


tion by trimethylsilyl radicals from the substrate: 
(CH,).Si + (CH) 9Si i (CH,) SiH zt CHoSi(CH3)3 {23} 
o{23} = 0.135 - 0.040 - .004 = 0.091. 


The non-scavenaeable yield of ethyl trimethylsilane 


could be obtained by insertion of carbene into a substrate molecule, 


Gis ke (CH) 4S CoS GH {24} 


2 Bad 33 


{24} = 0.042 x 0.5 = 0.021. 
The remainder of the carbene may also insert into the 
substrate but the product may decompose following the highly exothermic 


insertion micas eee This decomposition could lead to the traces 


of ethylene found in the system: 
CH, + (CH) ,Si ae CH_Si (CH) 4* 
+ . 
CoHeSi(CH3)3* ——*C,H,Si(CH3). 


The remainder of the ethyltrimethylsilane must form by monoradical 


reactions. The major source is most likely methyl radical and trimethyl- 


Silylmethyl radical combination, 


CH. + CH,Si(CH3), — CoH.Si(CH3) {25} 


although a smal] amount may be formed from ethyl radicals 


Cate SCH) 30 Saeen CoH, Si (CH3)3 {26} 
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Since the amount of ethyl radicals present in the system has been shown 
to be small (reactions {3} - {6}) we will discount {26} thus {25} = 
0.042 - 0.021 = 0.021. 
The modes of formation of hydrogen and methane were determined 

from the results of the isotopic labelling study. Ethane has already 
been shown to be formed entirely by radical combination but it was 
also measured in the isotopic labelling study since the yield of methyl] 
radicals is related to the yield of methane and of ethane. 

| Both hydrogen and methane could be produced in primary molecular 


elimination steps, 


Seen aes Hy + (CH)S1 (CH) {27} 
{28} 


(CH), 


Se Wl) a CHASi (CH 


4 3)2 


as well as by radical producing steps followed by abstraction from the 


substrate: 
(Sry Sao Mbps: {29} 
—+ 2CH, + Si(CH3), {30} 
——+ H+ CH,Si(CH3), {31} 
——+ H+ CHy + CHySi(CH3)> {32} 


Kinetic schemes for the formation of the different isotopic 
yields of hydrogen, methane and ethane were drawn up omitting the sili- 


con fragment for clarity. 


The primary production of hydrogen is given by: 


1 
TMS=d55 + hy ——> [TMS-d,5]* {33} 
= * aoe D {34} 

[TMS do] 5 
oe {35} 
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T™S + hy —t= [TMs]* {36} 
(TNS) sae H, {37} 
Re it {38} 


The resulting hydrogen atoms can then abstract from substrate 


molecules in the following manner: 


Hoes ee 


Ho {39} 
H + TMS-d1, Be ny {40} 
Ha ap AE {41} 
10 
De TSty, Se i, {42} 
139 


It has been shown in the photolysis of dimethylsilane that 


exchange reactions of the type 


H + TMS~d, ——— ee) {43} 
D + TMS enn {44} 
H + TMS-d, —— cD. {45} 
Di INS eee ate CHa {46} 


were unimportant so these have been ignored. 
A similar kinetic scheme can be drawn up for the production 


of methane and ethane. 


T™S + hy —- + [TMs]* {47} 
TiS ee cH, {48} 
ee CH, {49} 

TMS-d,, + hv 4—-  [Tws-d,,]* {50} 
[Ts-d,,]* 2+ cD, {51} 


as CD, {52} 
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Steps {49} and {52} are meant to summarize the production of 
methyl radicals as shown in steps {29}, {30} and {32}. 


The radicals so produced can react in the following ways: 


7 
CH, + TMS CH, {53} 
8 
CH, + TMS-dj, —= CH3D {54} 
CD53 + T™MS —2+ CDH {55} 
CD3 + TMS-dyp —2+ cp, {56} 
u 
Gye Wy = ait {58} 
13 
CD, + CD3 CD | {59} 


The best method of treatment of this kinetic scheme was found 
to be computer simulation of the experimental data using iterative 
numerical integration, varying the relative rate constants for each 
step until a good fit was obtained. Many of the relative rate constants 
are not known but fortunately the simulated fit was sensitive to some 
of the rate constants and relatively insensitive to others. The forma- 
tion of ethane was used as an internal check in that the total yields 
of methane and ethane had to give the observed product ratio. Reactions 
of methyl radicals with other radicals in the system were regarded as 
minor processes and were omitted to simplify the treatment. 

Relative rate constant values used in the calculations are 
given in Table III-10 and the solid line computer fit to the experimental 
points is shown on Figures III-11, III-12 and ITI-13. The values used 
in the computer analysis were obtained partly from experimental data, 
partly by comparative assumptions of the most reasonable values and part- 


ly dictated by the values required to obtain computer matching to the 
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TABLE III-10 


Relative Rate Constant Values Used In Iterative 


Numerical Integration 


Rate A. Hydrogen B. Methane/Ethane 
Constant Analysis Analysis 

k, 1.9 2.0 

ky (ea seit 1.5 x 107! 

kg 1.0 x 107! 8.5 x 107! 

ky ey as 

ke Strela 9.0 x 10 

ke 3.0 x 10°. 4.5 x 107! 

ee 20 i 1.0 x 107! 

ke 3.0 x 107" Oat Ou 

ky oo x 10 Ehxeako 

a 2.0 x 107" 1.0 x 1072 

Ki , 9.0 x 10° 

ke : 9.0 x iB 
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experimental cases. 

For the hydrogen scheme kKy/ky was taken as 1.13 from the 
experimental yields of hydrogen produced by photolysis of tetramethyl] - 
Silane and per-deuterated tetramethylsilane in separate experiments. 
The values of ko/k3 and Ke/ke must be extracted from the simulation. We 
set ko/ke = ko/Ki 9: assuming that the isotope effect for abstraction 
1s independent of the attacking species. It was found that the isotope 
effect k/k, could be varied slightly in conjunction with the ratio of 
molecular to radical elimination, ko /ke» thus we have a range of values 
which are usable, from 10-20% for the yield of molecular Hp and an 
isotope effect of 3-10. A reasonable average from these results would 
give a yield of 15% for molecular Ho using an isotope effect of 5. 

For the methane/ethane scheme Ky /ka was set from experimental 
results at 0.95. Again, k/k, and ke /ke are the unknown values. To 
spe Ki 3: Again 
ijt was found that the isotope effect k5/ke could be varied slightly 


a first approximation we set k7/ke = ko/ki9 and kay = k 


along with ko/k3 to obtain the desired result, thus giving us a range 

of values of 15-20% for the molecular CH, yield with a kinetic isotope 
effect for abstraction of 3-10. Choosing a value of 5 gives us the 
molecular CHa yield at 15%. One of the results of this simulation is 
that the rate constants for abstraction by methyl radicals are only four 
orders of magnitude less than the value for the combination of methy] 
radicals. This is five orders of magnitude faster than expected since 
the room temperature rate constant for methyl attack on tetramethyl - 
silane has been measured and found to be nine orders of magnitude less 
than that for methyl radical combination. The implication is that hydro- 


gen abstraction is a lot easier than expected either because the methyl 
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radicals contain a considerable amount of excess energy or possibly that 
hyd ogen is abstracted from other radicals in the system. 

Cross-combination and disproportionation of methyl and tri- 
methylsilyl radicals in the system 


CH. + Si(CH,)., So ies (CH3)4Si {60} 


(CH) + Si(CH,) peor aaes CHa f CHoSi(CH3)» {61} 


may well account for an appreciable amount of the methane and reaction 
{61} could be facilitated by the apparent stability of the silicon 
diradical. 

From the results it was found that about 15% of the hydrogen 


yield arises from molecular elimination, 


(Gnas ol H, + CHSi(CH3). {62} 


and the rest by hydrogen atom formation followed by abstraction 


hv 


(CH, ),Si tise Het CH, Si (CH,)., {63} 
Ny) ; 
al (CH3) Si ree He + CH,Si(CH,). {65} 
It has been shown in the photolysis of simple alkanes !9 and 


alkylsilanes?2?!99 that single hydrogen atom loss is always a very minor 
process so reaction {63} has been omitted in favour of reaction {64}. 
Thus {62} = 0.122 x 0.15 = .018 and ${64} = 0.122 - .018 = 0.104. 

The methane/ethane results show that molecular methane formation 
accounts for ca. 15% of the total methane and methyl radical pro- 
duction. From the preceeding steps we require a methyl radical yield 


Of 2611} +0{12} + {25} = 0.700 + 0.050 + 0.021 = 0.771 and we know 
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that o{CH,} =0.330. Therefore 


15 [CH, total] - [CH, abstraction] 
sh eF o[CH3 total] + o[CH, abstraction] 


0.330 - 
loo oo aly abe. 


85 0.771 + o[CHy onc] 


Therefore, ®[CH = 0.165, and 


4 sid 
PiCHierovecuiarime 0: cc0pe 0105 


0.165 


Approximately 50% of the methane is formed in a molecular 


elimination reaction 
(CH) Si —_— CH, : CHASi(CH3)» {66} 


while the rest forms by methyl radical abstraction. 
The sum of methyl radicals in the system is now 0.77] + 0.165 
= 0.936 and there are three major processes which can produce primary 


methyl radicals: 


= 2CH, a Si(CH3)>5 {68} 


It was not possible to discriminate between the first 
two steps since the silylene and possibly some of the trimethylsilyl 
radical will polymerize and be removed from the system. However, a 
probable scheme can be drawn up to account for all of the secondary 


products and most of the primary products and fragments. Since the 
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auxiliary study showed that the quantum yield of fluorescence was less 
than 0.01, we assumed that the primary quantum yield in our system 

was 1.00 and apportioned the methyl radical producing steps accordingly. 
This low fluorescence quantum yield is in line with the values obtained 
for simple alkanes!” and for both types of saturated system it seems 
reasonable that the lower excited states are either unbound or strongly 
coupled with a dissociative surface. 

So far we have a primary quantum yield of {21} + o{62} + 
©{64} + {66} = 0.040 + 0.018 + 0.104 + 0.165 = 0.327. Thus the remain- 
ing primary steps should account for 0.673 of the primary quantum yield, 
while at the same time they must give a methyl radical yield of 0.936 - 
0.104 = 0.832. 


j.e. {67} + {68} = 0.673 
6{67} + 26{68} = 0.832 


Solving these equations gives {68} = 0.159 and {67} = 0.514. 
However it is possible to obtain somewhat different values 

for ¢{67} and ¢{638} if we assume that cross-combination and dispropor- 
tionation does take place between methyl and trimethylsilyl radicals 
(reactions {60}, {61}). This postulate might give more likely 
primary quantum yields for production of methyl radicals while 
simultaneously accounting for the trimethylsilyl radical yield. We 
first have to make a reasonable estimate of the K g/ ke ratio for cross- 
reaction of methyl and trimethylsilyl radicals and we have chosen a 
value of 0.1. 


Then from the yields of products 
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((CH3),Si) = 26{7} + {15} + {17} + 2{22} + o{23} + o{ 60} + of 61} 
= 2(0.095) + (0.038) + (0.017) + (0.008) + (0.091) 
+ 1.1o{ 60 } 
= 0.344 + 1.16{ 60}. 
(CH3) = 2o{1} + {12} + {25} + 0.165 + o{ 60} 


OF DOR O.Do0t.0-021 e780) 165et orcs 
0:.936s45 61,603). 


Primary step 4 accounts for some of the methyl radicals so 
from primary steps 1 and 2 we require a methyl radical yield of 
0.936 + o{ 60} - 0.104 = 0.832 + of 60}. 

Since the sum of primary quantum yields {67} and {68} amounts 
to 0.673 and the yield of (CH3)3Si radicals will come from {67} while 


the yield of methyl radicals is given by ${67} + 2{68} we have 


@((CHy)Si) + (CHa) = {67} + $67} + 24168} 
= 2(o{67} + o{68}) 
=eo( 02673) 
=maleo4 6 


j.e. 0.344 + 1.19{60 } + 0.832 + o{60} = 1.346 
{60 } = 0.081 
Then ${67} = 0.344 + 1.1¢{ 60} 
= 1h), su¥s, £9 (lO) 
= 0.433. 
and {68} = 0.673 - 0.433 
= 0.240 
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So we can obtain a slightly different set of primary quantum 
yields ($3) if we assume methyl and trimethylsilyl cross-reaction. 
The primary quantum yields so obtained are summarized in 


Table III-11. 


D. DISCUSSION 

From the data presented it can be seen that the primary 
decomposition is a multi-step process resulting in a variety of possible 
final products. Carbon-silicon bond cleavage accounts for ~77% of the 
decomposition, the rest being carbon-hydrogen cleavage. Decomposition 
involves both molecular elimination (14%) of methane and hydrogen and 
radical formation (82%) of methyl radicals and hydrogen atoms, with the 
Silane fragments left behind being monoradicals or diradicals. A minor 
process is the production of methylene. Combination of radicals and 
abstraction by radicals from substrate or other radicals result in the 
observed products. Most of the diradicals and silylene go to form the 
silicon polymer. 

The primary steps chosen are only a few of the many that are 
allowable on thermochemical grounds. Steps which involved the breaking 
of three bonds were discounted on statistical grounds since such a 
simultaneous accumulation of energy in three bonds is not very probable. 
Also, the loss of a single hydrogen atom has been shown to be very un- 
likely in the photolysis of hydrocarbons at 1470A. The excess energy 
which would be left in the parent molecule and the exothermicity associat- 
ed with the formation of the hydrogen molecule presumably are enough to 


eliminate this possibility. 
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Summary of Primary Quantum Yields in the Photolysis of 


TABLE III-11 


Tetramethylsilane 


(CH3)4Si + hy 


dy: assuming cross-disproportionation does not occur. 


] 


CH. ih Si(CH3)3 


2CH3 + Si(CH3)> 


CH, + CHySi(CH3)> 


CHeetatet aches i CCH 


3 Z 3)2 


Ho 2 CHSi (CH), 


CH, + (CH,) SiH 


radical cross-reaction. 


0.04 


1.00 


$,: assuming a kK y/k. ratio of 0.1 for methyl and trimethylsilyl 
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However, it is impossible to discriminate between parallel 
primary steps and secondary decompositions of excited fragments. 

For example, steps {29} and {30} could be occurring in sequence, 

(CH3)4Si = CH, + Si(CH,).* {70} 

Si(CH,).* i ochast Si(CH3). {713 
since the silicon fragment in {70} could be carrying as much as 120 kcal 


mole”! 


of excess energy. This excited fragment could also be stabilized 
by losing hydrogen 

(CH3)3Si* Se is CHSi(CH3)» ie 
so that the combination of steps {70} and {72} could account for primary 
step {64}. 

From the chosen mechanism it can be calculated that approxi- 
mately 52% of the silicon fragments will form polymer. We can check 
the validity of the scheme by trying to account for the fate of all the 
primary products and the modes of formation of final products. The ma- 
jor primary products of photolysis were o(CH3) = O59S06 o(Si(CH.) oe 
= 0.159, 


0.514, o(CH,Si(CH =n UE 209, o(CH, ) = 0.165, o(Si(CH 


3)2) 3)2) 
o(H) = 0.104. The methyl radicals combine to form ethane and also can 
combine with other radicals in the system. A secondary radical likely 
to be present in the photolysis is the trimethylsilylmethyl radical, 


CHoSi(CH3) 4, obtained by hydrogen atom attack on the substrate, thus 


o(CH,Si(CH,). 
system, e.g. 


) = 0.104 and this can react with other radicals in the 


CH3 + CHySi(CH3)3 = ——* CH.Si (CH3) 3 {73} 
The formation of methane from methyl radicals has been shown to be much 
faster than expected, indicating that either the activation energy for 


this process is lowered in some way, or that a disproportionation 
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reaction of methyl radicals with other larger radicals in the system is 


occurring. 


CH, t Si(CH,). oe CHy £ CH Si (CH3) 3 {74} 
Note also that in this case simple combination would give back substrate 

CH. as Si(CH,). ina, (CH) ,Si WE 
The occurrence of reaction {75} would require changes in primary steps 
{1} and {2} to produce more methyl radicals as in op. 

The rate of cross-disproportionation of methyl and t-butyl 
radicals has been shown to be comparable with that of combination 

59 

(k4/k. = 10465 )aies 


CH, + C(CH3). anol CHy + CHo=C(CH P76 


3)2 

However, the driving force in this reaction to form a stable 
olefin is not as strong, or at least is only partially present in the 
Silicon radical case. The extent of the double bond in the dimethyl- 
silylmethyl diradical has been discussed in many reports (Chapter I, 
section E) and there does appear to be some olefinic behaviour, giving 
appreciable stability to the diradical. 

Very few values are available for Kalk. ratios for silyl radi- 
cals so no accurate estimation can be made of the extent of participation 
of this type of reaction in the system. The trimethylsilyl radicals can 
dimerize or combine with other radicals in the system. This accounts, 
however, for only 48% of the yield of this radical. Formation of tri- 
methylsilane is “70% scavengeable by nitric oxide and its mode of forma- 
tion would appear to be via hydrogen abstraction by the trimethylsilyl 
radical from the substrate, accounting for another 18% of these radicals. 
This is an unfavourable process with a high activation energy (probably 


ul2 kcals/mole) and would seem to be unlikely unless it is possible that 
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enough of the excess energy could be located in the appropriate vibra- 
tional modes to effectively lower the activation energy for abstraction. 

A more probable route is from disproportionation of sily] 
radicals, a process requiring little, if any, activation energy. 

As will be shown later, the room temperature kK /k. ratio for 
trimethylsilyl radicals was found to be 0.04 but perhaps in this system, 
with more excess energy being available, disproportionation is more 
favourable. If all of the bimolecularly formed trimethylsilane came 
from disproportionation this would give a kK y/k. Yd t 1080s eUno- 

In addition, if the bimolecularly formed methane comes from 
cross-disproportionation of methyl and trimethylsilyl radicals this 
would account for some 98% of the trimethylsilyl radicals in the system 
and give a diradical CH,Si(CH,), yield ote 02269r+80 =] Gort 0.095F—s 0529. 
About 0.114 of this yield ends up as retrievable products and hence the 
remainder, 0.415, polymerizes. 

This together with the amounts of dimethylsilylene and tri- 
methylsilylmethyl radicals produced gives a polymer yield of some 58%, 
in close agreement with the experimentally obtained value of 53%. 

It is also possible as demonstrated on Table III-I1 to obtain 
a Slightly different set of primary quantum yield values if we accept 
cross-reaction of methyl and trimethylsilyl radicals (,). iy this 
scheme all of the trimethylsilyl radicals are accounted for and about 
10% of the methyl radicals are supposed lost in reformation of substrate. 

If the trimethylsilyl] radical were to take part in other 
reactions such as more self-disproportionation or cross-disproportiona- 
tion with trimethylsilylmethy] radicals then $(1) would be somewhat 


higher so perhaps a value somewhere between $, and bp would be most 
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appropriate. 

The fate of the trimethylsilylmethy] radical, produced by 
hydrogen atom abstraction, is only accounted for in part (36%) by com- 
bination with methyl or trimethylsilyl radicals. This radical, too, 


could cross-disproportionate with trimethylsilyl radicals. 


(CH) 3SiCH, + (CH, ) Si —> (CH) ,Si + CHSi (CH). {77} 


Thus, disproportionation appears to be an important feature 
of the overall mechanism. 

The silylene formed, as was Saag Oe does not 
insert into either C-H or Si-C bonds and so with no other route of 
reaction it would polymerize. 

The carbene formed in step {62} does not appear to insert 
into the substrate, however, its yield is very small and possible 
products may not have been measurable. 

Comparing the results from the 147 nm photolysis of the three 
methylated silanes, monomethyl -2°, dimethyl -2" and tetramethylsilane, 
me can see various similarities and differences as a consequence of the 
varying relative amounts of carbon-hydrogen, silicon-hydrogen and 
silicon-carbon bonds in these molecules. 

The window in the absorption spectrum of tetramethylsilane 
in the vicinity of 150 nm, watch is absent in the other silanes, 
indicates that the main absorber in this region is the Si-H Bond, 
This is supported by the results from the photolysis of monomethy]- 
silane where 66% of the bond breakage is from the Si-H bonds although 


they are some 5 - 10 kcals/mole stronger than the Si-C bond. Similarly 


in dimethylsilane Si-H cleavage accounts for 43% with the remainder 
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divided between C-H (29%) and Si-C (28%). In the tetramethylsilane 
case, Si-C cleavage accounts for 77% of the bonds broken but whether 
this is due to absorption in the Si-C bond or decomposition of the 
weakest bond is not clear. It is also not evident at this point how 
much secondary decompositions contribute to each type of cleavage but 
in the tetramethylsilane case about half of the C-H cleavage occurs 
in the molecular formation of methane. 

The yield of molecular products decreases from 71% in mono- 
methylsilane to 22% in tetramethylsilane. 

It is very difficult to correlate the primary processes 
involved with specific optical transitions, even if these were known, 
because the amount of excess energy available is much larger than the 
critical energy requirements of some of the primary processes. This 
complicates the elucidation of two-fragment and three-fragment processes 
since it is impossible to unambiguously define whether a three-fragment 
process is a parallel primary reaction or whether it arises from the 
secondary decomposition of energy rich fragments formed in a two-fragment 
primary step. 

In both monomethylsilane and tetramethylsilane two fragment pro- 
cesses account for some 70-75% of the decomposition (this drops to 65% for 
bp) whereas this decreases to 50% in dimethylsilane, perhaps indicating 
that in the latter case more of the multifragmentation processes should be 
redefined as two-fragment steps followed by secondary decomposition. 

The mechanism of nitric oxide scavenging is very complex and 
not completely understood but it appears that the products retain the 
integrity of the monoradicals present in the system. Insertion reactions 


and molecular products are not affected by nitric oxide. 
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As has been shown previously ~ nitric oxide and silyl radicals 


react by forming a Si-0 bond, 
(Ct) 59a NO [(CH,) .Si0N] {78} 


and this intermediate can undergo further reactions 


(CH3)3Si0N + NO ——> (CH,),Si0NNO {79} 
(CH3),Si0NNO  ——» (CH3),Si0 + NQ0 {80} 
2(CH)4Si0N —» (CH,),Si0NNOSi (CH). {81} 


(CH3) 3S70NNOSi (CH3) 3 =e 2(CH.) S10 tan {82} 


2 
The silyloxy radicals formed can react with the substrate in a 

displacement reaction facilitated by the strong affinity of silicon for 

oxygen and made possible by the ability of silicon to expand its valence 


shell by utilization of its vacant 3d orbitals. 


(CH,),S10 + (CH,),Si —= (CH3)3Si0Si(CH3)3 + CH, {83} 


Hexamethyldisiloxane is the main product of the nitric oxide 
scavenging experiments. 
The fates of the H atoms and methyl radicals in the system are 


less obvious and a large variety of reactions can occur. 


Nitric oxide will scavenge H atoms 


HeetenNO ey HNO {84} 


pea 
and the product can undergo further reactions -. 


HNO can dimerize and then decompose, 


2HNO pooner (HNO), {85} 


(HNO), oe H0 + N50 {86} 
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and can react further with more H atoms or NO molecules 


HNO +H = =—— = Hy + NO {87} 
OG tie eae anita eNO {88} 
ae Aili = 1, {89} 


The mechanism of methyl radical scavenging by nitric oxide is 
150 
not fully understood . The primary product, nitrosomethane, is not 


very stable and undergoes numerous further reactions. 


CH + NO rar aay CHANO {90} 


It was found to dimerize 


2(CH.NO) ra a (CHANO), CS 


and then to decompose on the cell walls: 


(CH3NO). sapercirareas’) etn El les 2H50 {92} 


The nitrosomethane could also react further with CH radicals or NO 


molecules to give trimethylhydroxylamine or methoxy radicals: 


CHANO Vee aes (CH3) NOCH, {93} 


CH.NO + NO or Bre + No {94} 


Other reactions possible in the present system are, 


CH, + HNO —~ CH, + NO {95} 


° * 9 
CH,0 + Si Gue ) aes CH,0Si (CH) , {96} 


These complications make it impossible to make any worthwhile 


deductions from alterations in the yields of hydrogen and methane in 
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the scavenging studies, whereas decreases in the yields of other alkanes 
and silanes were interpreted as quantitative measures of the extent of 
monoradical reactions. 

The products resulting from the nitric oxide scavenging were 
not all identified (Table III-6) but estimates could be made of the 
unknown structures. From the retention times and reactions prevalent 
in the system, products C and D were thought to be trisiloxanes while 
A and B were possibly methoxytrimethylsilane and trimethylhydroxyl- 
amine. The absolute micromole yields are somewhat uncertain since the 
response factors were not determined for the oxygenated species. The 
main products appear to be accounted for by the reaction of methyl and 
trimethylsilyl radicals with nitric oxide (reactions {78} - {83}, 

{90} - {96}) but the yield of N, is high. This could be due to the 
presence of small chains, e.g. reactions {84}, {87} and {88}. 

One point complicating the derivation of a mechanism is the 
question of the primary quantum yield in the photolysis of carbon dioxide. 
We have assumed ®c9 = 1.0 on the grounds that the majority of papers 
in the literature agree on this value and since it gave close to the 
accepted value of o(N5) = 1.4 when used for calibration in the 
photolysis of nitrous oxide carried out with the same xenon resonance 
lamp. 

However, there is some doubt as to whether 2¢9 is exactly 
unity so two additional sets of primary quantum yields were derived, 
using 209 = 0.90 and 0.85 (Table III-12). 

It can be seen that this successively increases the amount of 
two-fragment decompositions at the expense of three-fragment decomposi- 


tions, from 75% (at ®o9 = 1.0) to 90% (at ®o9 = 0.85). The biggest 
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Changes are the large increase in the trimethylsilyl radical yield and 
the disappearance of dimethylsilylene as a primary product. The increas- 
ing yields of trimethylsilyl radicals cannot be correlated with the 
product distribution even assuming cross-disproportionation; for 
o(CH3).Si = 0.700 only about 60% of the radicals can be accounted for. 

The same calculation carried out for the %p results shows 
the same trends with the added proviso that an actinometric yield of 
dco = 0.7 implies that 33% of the methyl radicals produced end up 
reforming the substrate. 

From these results it is seen that the decomposition of tetra- 
methylsilane is very similar to the decomposition of neo-pentane in that 
similar types of primary processes occur and free radical steps are more 
important than molecular modes of elimination. 

It is not clear at this point whether hydrogen abstraction by 
methyl or silyl radicals from the substrate takes place or whether this 
comes from disproportionation reactions, and how the secondary reactions 
are affected by the amount of excess energy in the fragments. 

It does appear, however, that the results can best be explained 
by assuming extensive disproportionation and this leads to the conclu- 
sion that the diradical CHASi(CH3)5 formed in disproportionation of 
trimethylsilyl radicals has a large degree of stability. 

The main fate of the diradical appears to be polymerization 
and there is no evidence for the dimer postulated in other studies. 

It will be shown later (Chapter V) that the recombination rate 
constant for trimethylsilyl radicals is about five orders of magnitude 
less than that for methyl radicals, which explains the relatively low 


hexamethyldisilane yield which one would expect to be fairly large, 
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given the large primary yield of trimethylsilyl radicals. 


CHAPTER IV 


THE PHOTOLYSIS OF BIS(TRIMETHYLSILYL)MERCURY 


A. Results 

The direct photolysis of bis(trimethylsilyl)mercury in a 
static system in the gas phase by a medium pressure mercury arc at 
wavelengths greater than 300 nm was studied Fee function of exposure 
time, total pressure, and concentration of radical scavengers nitric 


oxide, ethylene and oxygen. 


Ewe eGOoucts 

The products of photolysis are shown in Table IV-1 and 
listed here in decreasing order of importance: hexamethyldisilane 
(HMDS), hexamethyldisiloxane (HMDSO), and trimethylsilane (Tri-MS). 
In addition to these, traces of tetramethylsilane and another silane 
were also found and mercury deposited on the walls of the reaction cell. 
Undecomposed mercurial (((CH,)Si) Hg) was found to react with the 
analytical system to produce mostly hexamethyldisiloxane (80-95%) along 
with some hexamethyldisilane and trimethylsilane so all photolyses were 
carried out to 100% reaction to minimize hexamethyldisiloxane formation. 
Similarly; photolysis of the solid mercurial gave rise to large amounts 
of siloxane indicating that the trimethylsilyl groups probably react 


with the cell walls. 


2. Exposure Time Study 


An exposure time study was carried out to determine the time 
required to photolyze approximately 0.25 umoles of mercurial. The 


relative yields of products reached essentially constant values after 
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TABLE IV-1 


Relative Yields of Products from the Photolysis 
of Bis(trimethylsilyl )mercury 


Product Relative Yield (%) 
Hexamethyldisilane 83.0 
Hexamethyldisiloxane | 125 


Trimethylsilane 4.0 
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one hour (Figure IV-1) so all subsequent photolyses were carried out on 
this time scale. Although the trimethylsilane yield seems invariant 

with photolysis time, at the shorter times it is probable that some or 
all of the trimethylsilane is formed during analysis of the undecomposed 
mercurial. A blank run of 1 hour gave as products Tri-MS (4%), unknown A 
(20%), HMDSO (60%) and HMDS (16%), with the total amount of products less 
than in the erotal veces indicating the probability of loss due to poly- 
merization on the cell wall. To ensure that the change in the relative 
yields with time was not due to secondary photolyses of the products the 


following wavelength study was used. 


3. Wavelength Study 

Trimethylsilane is known to absorb only at wavelengths shorter 
than 180 nm’’ but the available spectra of hexamethyldisilane show absorp- 
tion tailing up to 250 nm? 85151 Use of appropriate glass filters with 
the medium-pressure mercury lamp showed that at wavelengths above 300 nm 
there was no measurable yield of products with 0-20 torr of hexamethyl- 
disilane in the reaction cell, while at shorter wavelengths appreciable 
quantities of trimethylsilane were formed along with minor amounts of 
unidentified disilanes. 

Accordingly all further studies were done at wavelengths greater 


than 300 nm. 


4. Pressure Study 
The effect of pressure on the product yields was examined in 
90-minute photolyses using from zero to 200 torr of nitrogen as the added 
gas. Relative yields were found to remain constant (Figure IV-2) indica- 
ting that there was no fragmentation of "hot" products at low pressures. 


Variation in substrate pressure was not studied since the vapour pressure 
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of the mercurial at room temperature was so low (ca. 20 microns) and 
any increase in temperature to increase the vapour pressure resulted in 
the accelerated decomposition of the mercurial with an increase in the 


yield of siloxane presumably from reaction of the mercurial with the 


hot walls of the reaction vessel. 


5. Effect of Added Nitric Oxide 

The effect of the addition of up to 20 torr of nitric oxide 
as a radical scavenger is shown in Figure IV-3. Photolysis of the 
mercurial in the presence of nitric oxide essentially eliminates all of 
the HMDS and Tri-MS, indicating that both of these products must be 
formed mainly by monoradical reactions. About 2% of the HMDS remains 
unscavengeable indicating the presence of a minor molecular route to 
product formation. Hexamethyldisiloxane is a product of the reaction 
between nitric oxide and the radicals produced in the photolysis and 
increases accordingly. It is the major product (~95%) and is accom- 


panied by a minor unidentified product (~4%). 


6. Effect of Added Ethylene 
Ethylene has been shown to be an efficient scavenger of tri- 


7 and was used to determine whether, in addition 


methylsilyl radicals® 
to suppression of the hexamethyldisilane and trimethylsilane yields, 
the yield of siloxane would be affected. The yield of hexamethyldisilane 
decreased to 5% and the trimethylsilane was completely scavenged but 


the siloxane yield remained essentially constant even with photolysis in 


the presence of 100 torr of ethylene (Figure IV-4). 


7. Effect of Added Oxygen 


Oxygen was added in a series of photolyses to determine its 
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scavenging efficiency under the conditions prevalent in the system. As 
shown in Figure IV-5 less than 40 microns of oxygen suppresses the 
formation of HMDS and Tri-MS. The products were hexamethyldisiloxane 
(~80%) and two others, one tentatively identified as the corresponding 
trisiloxane (~15%) and the other (~4%) unidentified. 

The mercurial and oxygen were found to react even in the 


absence of light indicating the strong affinity of silicon for oxygen. 


B. DISCUSSION 
1. The Decomposition of Bis(trimethylsilyl )mercury 

The mercurial has previously been photolyzed in solution by 
several workers (Chapter I, Section C-5) and has been found to be a good 
source of trimethylsilyl radicals. From the results obtained it appears 
that photolysis in the gas phase is also a fairly clean source of tri- 
methylsilyl radicals. There are only three products, hexamethyldisilane, 
hexamethyldisiloxane and trimethylsilane, and while the siloxane appears 
to be formed in a wall reaction the other two seem to be products of 
aren eed radical reactions. 

The nitric oxide scavenging experiments show that hexamethyl- 


disilane is formed either by combination of two radicals, 


2(CH3) Si = (CH,),SiSi (CH3) 4 {1} 


or via a radical reaction with the substrate: 
(CH)Si + (CH3)S4-Hg-Si (CH) 3 —— (CH, ),Si-Si(CH3), + Hg-Si(CH3), 
{2} 


Reaction {1} is favoured since the concentration of substrate 


is low and the activation energy of reaction {2} is probably quite 
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substantial. Moreover it will be shown in the following chapter that 
the kinetic behaviour of the hydrogen abstraction reactions of the tri- 
methylsilyl radicals can be explained only if formation of HMDS is second 
order in trimethylsilyl radicals. 

Trimethylsilane is also shown to be formed by radical reaction 
and the possibilities are the disproportionation of two trimethylsilyl 


radicals 


2(CH3)3Si —_—> (CH3)3SiH + CHoSi (CH3)5 {3} 
or abstraction from the substrate: 
(CH3)3Si “f (CH3)3Si-Hg-Si(CH3)3 ——- (CH) SiH - 
CH, (CH3).Si-Hg-Si (CH3). {4} 


Once again reaction {4} is not considered likely since the 
activation energy for H-abstraction is likely to be in the order of 10 
kcal/mole and the concentration of substrate is low. There are two 
values available for the Si-Hg bond energy in bis(trimethylsilyl)mercury. 
One is a very low value of 13.6 Teen However, this was measured 
in a system which also gives a very low value for the Si-Si bond energy 
in hexamethyldisilane, 49-58 kcal/mole, compared to the latest values 
of ca. 80 kcal/mole,so it may have to be revised upwards. 

The other value is a minimum of 48 kcal/mole!!! based on the 
activation energy for the thermal decomposition of bis(trimethylsilyl1)- 
mercury but the authors admit there is a large error associated with this 
figure. 

Values for alkyl-mercury bond miersice a indicate that the mean 


energy is 25-30 kcal/mole and that the first carbon-mercury bond 
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dissociation energy is much larger than the second. E.g. 


Sie oll . 
CH3-Hg-CH, CHa-Hg + CH, | {5} 
CHO Shia ae CH, + Hg {6} 


Reaction {5} is the rate-determing step and the bond energy 
is ca. 50 kcals/mole; the subsequent decomposition {6} is fast, the 
dissociation energy being only ca. 70 kcals/mole. In higher alkyl 
substituted mercury compounds, decomposition occurs via simultaneous 


rupture of both bonds: 
2(i-Pr)Hg Mm 2(i-Pr) + Hg {7} 


Assignment of bond energies is hazardous since it is very 
difficult to determine whether the decomposition is a one-step or two- 
step process and whether simple chain processes such as {8}, {9} and 


{10} take place: 


; hv 
(CH,) Si + (CH,),Si-Hg-Si(CH3)3 —— (CH3)3S1Si (CH3)3 ane, ae 
Si (CH). {9} 
2(CH,) Si ee (CH,),SiSi(CH), {10} 


The maximum energy photons entering the cell have ~95 kcals/- 
mole which is probably enough to make a two-step process of decomposi- 
tion so fast that it is essentially simultaneous. A very minor process 
(<1%) which is energetically feasible is the concurrent rupture of a 
Si-C bond to produce a methyl radical. Combination of this with the 


trimethylsilyl radicals present in the system is the probable cause 
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of the trace of tetramethylsilane found in the products. Just how much 
excess energy is left in the fragments is difficult to say but it cannot 
be enough to induce fragmentation of the trimethylsilyl radicals. 

The mechanism of decomposition and product formation thus 
involves the initial formation of two trimethylsilyl radicals and 


mercury, followed by either combination or disproportionation of the 


radicals: 
e hv ° 
((CH3)2S7) Hg memati Malt se 2(CH,),Si 111} 
2(CH,) Si __ (CH3)2SiSi(CH3). 2s 
2(CH,).Si we (CH3) SiH + CHoSi (CH3)» {13} 


The fate of the diradical, CHoSi (CH), » in reaction {13} is 
most likely diffusion to the walls. This scheme then gives a “Nigar 


to k ratio of 0.046 which is a much lower value 


portionation combination 


than that for the corresponding carbon radical, t-Bu., where kg/k = 
2.37 aks although disproportionation in the carbon case leads to 
two stable products, an alkane and an alkene. The lack of such a 
Stable olefin-type structure was thought to preclude silyl radical dis- 
proportionation but recent results have shown that the Si-C (p-p) 1- 


bonded intermediates have more stability than was originally thought 


Loos : 
, On various 


(Chapter I, section E). It has been suggested 
grounds, that silicon radicals may disproportionate, but this is the 
first quantitative measurement reported. 

It thus appears likely that disproportionation can occur to a 


larger extent in those silyl radicals containing Si-H bonds, since these 


hydrogens should be more readily abstracted than the hydrogen from a 
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C-H bond. 

Photolysis of the mercury compound in the gas phase thus 
appears to be a good clean source of trimethylsilyl radicals containing 
little excess energy and is well suited to be used to study the reac- 


tions of trimethylsilyl radicals with other species. 


2. Stability of Silaethylene 
The demonstration that trimethylsilyl radicals disproportionate 
indicates some degree of stability for the silicon diradical formed in 
reaction {13}, since the value of 0.046 for Ky/ke requires an estimated 
rate increase in the order of 10° (cf. Chapter V) for the dispropor- 


tionation hydrogen transfer reaction over the abstraction reaction 


(CH,).Si + (CH, ) Si —_> (CH,) SiH + CH,Si(CH {14} 


3)3 2 3)3 


This large difference in rate must be associated with the formation of 
either a singlet olefinic-type m bond or a strongly interacting triplet 
1,2-diradical. 

An ab initio molecular orbital calculation was carried out by 
Drs. I. G. Csizmadia and G. Theodorakopoulos at the University of 
Toronto on the silaethylene molecule, HoSi=CHo aimed at determining the 


relative stability of the singlet versus the triplet state. 


Calculations were carried out with s,p Gaussian type functions 


154 


contracted to a minimal (STO-4G) basis set using a version of the 


Gaussian 70 program! °>, 


Four different structures of silaethylene were optimized 


starting from the published ab initio results on the i.r. spectrum of 


silaethylene!”®. 


The absolute minimum occurs at the skew position in the 
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pyramidal 1 State but this is only about 2 kcal/mole below the minimum 
in the planar So surface. The other two structures, the So and the Ty 
planar, appear as transition states on the singlet and triplet hyper- 
surfaces but all four represent minima in the rotational cross-sections 
associated with the cis-trans isomerization of silaethylene. The 
results are shown on Figure IV-6 and the calculated state energies and 
optimum geometrical parameters are listed in Tables IV-2 and IV-3. 
These calculations thus lead to the conclusion that the 
ground state of silaethylene is a triplet but that the lowest singlet 
state lies only 2 kcal/mole above it. Even if in reality the order of 
Stability of triplet and singlet states is reversed, it is still likely 
that the energy splitting between the two is very small. The almost 
equal stability of the two states is in line with the observations 
that silaethylene has a fair degree of stability, but is also very 


reactive, suggesting a diradical character. 
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CHAPTER V 


REACTIONS OF TRIMETHYLSILYL RADICALS 


RESULTS 
1. Abstraction from Silanes 
It has been demonstrated that the photolysis of bis(trimethyl- 


silyl)mercury proceeds by the following mechanism: 


((CH3)3Si)pHg TY» — 2(cH3),Si + Hg {1} 
2(CH3) 354 = ARB (CH)aSt5: (CHEM {2} 
2(CHg) Si ——+ — (CH3)4SiH + CHySi(CH3)> {3} 


However, when the radicals are produced in the presence of an 
excess of added silane with a readily abstractable hydrogen the follow- 


ing abstraction reaction might be expected to occur: 


SiH + SHR {4} 


Si + HSiR, ——~ (CH,). 3 


(tale 3 
If we make allowance for the formation of trimethylsilane by 
disproportionation of the trimethylsilyl radicals (reaction {3}) and for 
the unscavengeable yield of hexamethyldisilane, the rates of formation 
of trimethylsilane and hexamethyldisilane can be related by the expres- 
sion 
* (cH) 3S1H oe k, (HSiR3) 


1/2 1/2 


(R ) k, 


(CH,) (Si, 


derived from the steady state treatment of the competing reactions {2}, 


Voreande14). 
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A plot of R sin! (cH 


against added silane concentra- 
(CH 36310 


3)3 
tion gives a slope of Seles the rate constant for abstraction relative 
to the rate constant for dimerization of trimethylsilyl radicals. 

So the mercurial was photolyzed in the presence of a number 
of silanes over a range of concentrations which would produce from 10% to 


90% of the abstraction product, in the expectation that this would 


provide information on the behaviour of the trimethylsilyl radical. 


2. Reaction with Disilane and Disilane-d- 
Rate constants for the abstraction by trimethylsilyl radicals 


from disilane were determined relative to combination. 


(CH, )2Si PNG il (CH, ) SiH = ST 5H, {5} 


(CH) Si + SigD, (CH3).SiD + Si5D, {6} 


The mercurial was photolyzed in the presence of up to 6 torr 
of disilane and it was found that ~70 microns were sufficient to give 
95% abstraction product. The results are shown in Table V-1 and Figure 
V-1. The rates of formation were calculated as shown in Table V-2 and 
the data are plotted on Figure V-2, using least mean squares treatment 


to obtain the best straight line fit to the points. From the graph, 


3 Ye -1/2 -1/2 
——" = 1.01 + 0.35 x 10 moles ‘cc sec 


Photolysis of the mercurial in the presence of up to 500 
microns of disilane-d- gave the results shown in Table V-3 which were 


plotted as shown on Figure V-2 to give the result 
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TABLE V-1 


Relative Yields of Product i ied 
s of Products from the Photolysis of (cH) Si] Hg 


in the Presence of SiH 
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Relative Rate Plots for the Abstraction/Combination 
Reactions of Trimethylsilyl Radicals with Added 


Disilane and Disilane-d- at Constant Pressure. 
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Since the rate of abstraction from the disilanes was so fast 
that very low concentrations had to be used to monitor the variation 
in the amount of abstraction, the possibility that the disilane concen- 
trations were changing appreciably, and consequently affecting the 
reaction rates, had to be investigated. 

Different amounts of mercurial were photolyzed in the 
presence of 100 microns of disilane-d and the relative yields of 
products were measured. It can be seen (Table V-4, Figure V-3) that 
above 1.5 times the usual amount of mercurial the relative yields start 
to change, so at the concentrations of mercurial used in these rate 
determinations, some error due to disilane depletion should be expected 
below 50 microns of disilane. This leads to an uncertainty of about 


By 
35% in the value of ke /ko * for the reaction with disilane. 


3. Reaction with Monosilane and Monosilane-d, 
Rate constants for abstraction by trimethylsilyl radicals were 


determined relative to trimethylsilyl radical recombination 


(CH3) Si SF SIU oer (CH, ) SiH + STH, 17/5 


(CH3) Si oS Dem CHa) eo hua SiD. {8} 


4 3)3 


The mercury compound was photolyzed in the presence of up to 
3.0 torr of SiH, and 25.0 torr of SiD, with nitrogen added to keep the 
total pressure constant at 40 torr. 

The results are shown in Tables V-5 and V-6 and Figure V-4 from 
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TABLE V-4 


Effect of the Amount of Mercurial on 


Relative Product Yields 
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Si5D 


ee Pures Pe AIEUGE 
(torr) ((CH3)3Si) Hg (CH, ) Si, (CH,),SiH 
0.10 0.25 1225 sills 
0.10 0.50 78 Boer 
0.10 1.00 1922 80.8 
0.10 1850 7d tle 79.7 
0.10 2.00 10.6 89.4 


* Nitrogen added to bring total pressure to 40 torr. 
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4. Reaction with Methylated Silanes 
Rate constants for abstraction by trimethylsilyl radicals from 
the methylated silanes were determined relative to trimethylsilyl radi- 


cal recombination 


(CH, e Sach CHASiH, — (CH,). Sai CHASTH,, Pos: 
(ot, + CH,SiD, ae (CH, )3 SUNED Ze CH,SiD, {10} 
(CH,),Si + Ve Ha) SiH, => cy H3) SiH of (CH, ),SiH dalle 
(CH3) Si a (CH, ),SiD, —> (CH,)SiD + (CH) 5SiD diz} 


The mercurial was photolyzed in the presence of up to 20 torr 


CHASTH, D0) torn CHAS1D3 5 3) 9SiH, and 50 torr (CH3). D 


with nitrogen added to keep the pressure constant. The results are 


75 torr (CH SiD 


shown in Tables V-7, V-8, V-9, V-10 and Figures V-5, V-6. 


Least squares treatment of the plots gave the results 


k 

= wee?) 21e 0-36 moles. tce secu: 

2 

Kio 

S72 ai) 2 We 10°! moles "cc"? sec7 2? 

ky 

Ki 1 

mer eae 0 98 0d x10 MOGs CC scsuC maa 
2 

Ki 
Pees Ole Oeeo x 107! molescc-¥*sec71/? 


* itt 
wert itagteon Tebbel RN ones snanane = 
Pisras snare nai aan ten ganet tr te 

Ved ner 


e 


> 
9 


a 


wll 


g 5 ie ‘ araytp hase ‘4 ia + ely 


} 


ny ma Fe stp! em ; gah HD t boo 3 . 


“ 


§ 
itr Ea aa} Lars r ia) mh, { #9) + 


>a 


as ies), Mey) 4 ee beret gh) *, i; 


a*e < . 
rete OE od gu Te seeretS aly e] ccnp cae tetwormn 9 


fae rel ae ian pve f ve) wet ry tego 8 
Stk af hiiess sa! . heyhey rezcang ti oeel of bake 
tet 40 arti he wer’ Pr oe NH aaldat 
sstiees wii OFeg STOR 2 vi sing asvaitpe mii 
sae 9 aie 8 ware a 

; vhs 


vy en 
; ae eee 


—! 


Mae pole Meg 2 0 ‘ 


or e- eee 


146 


"4407 Of 2e Dunssaud 1 e303 daay 03 pappe uabourIN xx 


+2169 (Ei) $0 platA a_qeabuareosun pue HES® (Ey) $0 pLaltA uopqeuoltquodouds}p uo} pazdauu0) gy 


a a 


6€°L ely" St°? 6L°S 9° 2S bly ies e°lp 9°2 
el’ etait 8S" b0'F €°92 EL 2°82 rays ic 
v°Ol ble BL'9 88°¢ GEL L°88 S*tL S°S8 Sy GL 
c0°8 ble Els9 88°? O°2L 0°88 gay b°S8 O°SL 
GEaG Le*L 96°t GLa 9°22 veld L’td mye O°Ol 
L9°2 CTSe0 09°? bis 8° 6b ¢°0S 2°05 8°6P Oss 
Ses 0 OL2'0 L2°l OES Susy! L°92 Gye G°82 GEL 
Oke tote es i. ; cle ie PAS E/€ Ape Ae €/€ (4403) 
uo}FeAqUadUOD z,,(-238Y) ,_98S, 99 Saou _/ (das) _99 salou) ts (WHO)E HESS (HO), @tSe HO) PeHESe(eHo) aanssadd 
¢ ¢ z Z L ¥SPLOFA % PezIe440) SPLOLA % € € 
HES(“H9) a7ey ayey zy 2FPu) HS (HO) 


uxdANSSAdg JULYSUOD Je onrs( no JO aduaSadg ayy UL DH 


LZ-A FVL 


147 


* 440} QZ 0} Ounssaud [e309 Bulug 03 pappe uahouqin xy 


2169/89) $O PLazA a_geabuanessun pue nes®(€u9) $O PLaLA uopyeuolquodoudsip uos pazoauu07 
rer ar 


, 


926°1 868° 1) Ltv'o L6£°9 Lec 6°99 6° ve [99 0°9€ 
1492°0 A Ga) 96S°0 940°0 28 9°ZL 9°62 $°02 0°S 
LOb’2 €0s‘l pSe°0 2cS ‘0 2°6L 8°08 vild 9°82 0°SDb 
G0°°L L28°0 €Sp°0 GLend £°S¢ €°09 Og7e G°€9 0°0€ 
29S°0 022°0 29S‘°0 2Sl°0 9°L9 Vide €°99 Lee S°OL 
c8L°2 09S°1 8re°0 evs 0 €*st Las 9°02 b°6l 0°2S 
260°L L2s°0 60S°0 G9¢ 6 S*6t S°0S 8° 6P 2°0S G°02 
gens OI x OI x 

ge ow om Se lm ew gm ek 

O'S°H9 37 ey azey pl 2324) Caisty5 


nsddNSSO4q JUeySUuoD 9e “GISe 


B8-A W1aVL 


a 


nici Paella ig.) 
ee By! OM att a 


st i 4 wt 294 
she. nM 1.0 oe a4 


’ 7 . 
ceil sn > oa 


5a : ae a J 
; = <t, ~ i a ane — eee ee oa > a 
——- - 7 ») .4 — arn 
<a « Ay ) Pare ~———— ¢ a 7 
at pe * _htylgt ‘o platy el geez" ort: = ee Singer 54 hia opr Saal T% 
cs | ee se 
=. | 
a = 
. Jen 
2 ——— 


N 


[ (CH) SiH) / (CH )pSin)”? ] x10 


FIGURE V-5. 


5 wo 20 25 
[MONOMETHYLSILANE] moles ce’! x 107 


Relative Rate Plots for the Abstraction/Combination 
Reactions of Trimethylsilyl Radicals with Added 
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FIGURE V-6. Relative Rate Plots for the Abstraction/Combination 
Reactions of Trimethylsilyl Radicals with Added 
Dimethylsilane and Dimethylsilane-d, at Constant 


Pressure. 
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The mercurial was also photolyzed in the presence of up to 
75 torr of dimethylsilane with no nitrogen added to maintain a constant 


pressure. 


The results are shown in Table V-11 and Figure V-7 from which 
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5. Reaction with Isobutane 
To obtain a comparable rate with a carbon system the mercurial 


was photolyzed in the presence of up to 200 torr of isobutane. 
(CH),Si tf (CH) 4CH =e (CH, ) SiH + (CH) .C 413) 


The results are shown in Table V-12 and Figure V-8 and least 


mean squares treatment of the results gave 


Ki3 2 
mea Geom olnco. Xe 108 moles’ *cc /’sec 1!” 
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B. KINETICS AND CALCULATIONS 
1. Relative Rate Constants and Necessary Corrections 

The relative rate constants for abstraction by trimethylsilyl 
radicals, which are summarized in Table V-13, were obtained on the 
assumption that abstraction was the sole source of trimethylsilane, 
but we must take into account the possibility of other sources of tri- 
methylsilane. The most likely additional source is from cross- 
disproportionation between a trimethylsilyl] radical and the other silyl 


radical formed in the abstraction step. It is unlikely that any 


152 


saatwiil a ntewten eo 


: Vibe f nt i? Al an 
ini rt So wig hm 44 bins! stn event 


= 


7 ne c + 7 af = 
oa y 
4 


Wry ‘ae pa has as ese ! wal 


anatudoe!t 
sven wits varres neue @ vate ainy Matis .g ned 


ecrtvade? 16 0? 90s of qv Su sonneety seit rae a4 
. ai a i 
tei} ; 4h HO ¥E( Ra) AF) ev + Male 


/° 
ed St pas cy ow 13 BAS +s a'dai nt emote ots ents 


54 "aa ag % olin + o} 28.8 & it: 


Fgrtalederdind ye waren ae) rhaxtawhs une 
seal pupanfngios ee mee 
erage Wor oi eres 


f 


153 


2169/19) 40 UOLZDRUZ BLGeabuaAeosun pue ues© (Eu9) $0 PLaLA uopzeuoLzuodoudstp 4O} PazDe440) y 
ac a a ee 

0°6L Sv'Ol 9° ED . Ly ¥° 82 912 rs 0} 8°69 g Sc 

9°EL BL°Z § Ef CLV face €°09 L’0v €°6S S°S2 

0°OY 9b°6L 9°65 90°¢ gece 7°98 Geel sin shs OFSZ 

8°92 go°sl €°e€s pS°€ 2 6L 8°08 G le S°8Z Q°0S 

$°62 L£8°Sl 2°9S Seee S°9L Ges 6°8l L°L8 OSS 

e955 OL*2 L°el O25 (ANS 8°92 yA G32 sot 

ces‘0 88°0 To g0°9 L248 6'cl 0° vs Ono 1 O°L 

OL X X x 

(out cee enen” ot vio! ee z.9€ BB Behe 36 tee) 
uo, ZeuZUaDU0S rl a3ey) 99s 99 Salou milano lao $9 | OW) tS~(“H9) HES ~(~H9) bS~(“HO) HES ("HD) 24Nssaad 

Curs?("u9) Z L- 5 l xSPLOLA % PezII40) SPLOLA &% rh er AAS 
azey azey zt( 2324) HES” (°H9) 


Ll-A J18VL 


184 


“QueLLS|AyZaWLG pappy YFLM SLeoEpey LALLS[AYZOWLaL 


$0 SUOLJORAY UOLZEULqUOJ/UOLJIeUYSGY BY} 4OF Old BFeY SALZEL SY 


jOlx 22 sajow [ZH !5°(EH)] 
SV 9f vc Cl 0 


"L-K sanola 


Sige ge” } 


—-* 


eH 


cies 


It 
|, 


s 


155 


*440} 00Z 0} Sunssaud 1e}09 Bulug 02 pappe usbOuZLN x» 


"2169 (Ey9) J$O ptayA ayqeabuaneosun fue nis’ (Eu9) $0 PLaLA uopzeuolLquodoudstp uoj paz2eu40) x 


G6°9 9gg'€ Lv6"L  €vS'0 2°09 8°6E 9°65 b°O0b OL 
LO’b 226° L GLL'L 08g‘0 gece 8° 2 Z°€L 8°92 GL 
l9°2 166'0 009°0 209°0 8°58 Z*PL 1°28 ry 0s 
09°L 2220 Obb'0 609°0 G°68 SOL 0°98 O'vL 0¢ 
Z0°LL p6b'p gc¢‘z p25°0 L°€9 €°9p 9°€¢ p90 902 
Ors 060°S 909°2 z1g°0 €°0S L°6Y s*0S S*6p “Sl 
Ge°S 6a" L 190° L 289°0 6°SL L'y2 g°€/ 2°92 Oot 

9°! x99 sajow = OL x g Ol * gol * (4403) 

uo}3euzuaoua zn(1832Y) 7_99S,_99 sajow ,(__9aS__9 salou) 1s9(Eu9) Hts®(EHo) es?) HEs® (fo) aunssaug 
woe (Fu9) Te : eet 45PL8bA % Pa3291409 SPLOLA % a 
azey on a7 ey) HI" (°HD) 


4y%ddNSSOAg YURYSUOD 42 HO’ (CHD $0 ddUdSedg OY} Ut H°( HS 


eT-A A1aVL 


a a 
beers: exten xy wf 5 


am 


aoe ie - . >. oe ee oe : 


art ¢ 


ne ra —% a eee e. 
“a 


— thi-= “es ne Bit 
: - : s 
eer. “24 uae -2 433 ota “es ee. ——, na 
ae f ig pe oe. Sime 2 oe ‘we | 


wa ; _ =e ; = ss aa oe be" ——— Re fl — ee : 
baile ~~ me a a aan: —— -_ : ee, : — 

eae. ei? cgi) ty Stade pidegevesnialgea 140) 80) Fe Reh) ogre Semen ae Leer” © 

ot ® ~ = asad ; : : : im 

— it A @) eecpe Tic eta) ee i 


156 


“OANSSIdd PUCPSUOD Ye Bue NGOS] Peppy YALM 
SLeDEpeY LALLSLAYIAWLAL JO SUOLZORaY UOLARULqUIOD/UOLZORAISGY a4 4OJ 2O[q aIeY AALZELaY 
ic 
OL x, 22 sejow|H5*("H5) 
GS be 
cl Ol 80 90 vO E10, O 


"8-A AYN 


— 
@é 


3 
Lo | 
4 
A 
& 
€ 
4 


seratsjph >, ee 


J FeO. 4 Os “1 


a 
 —_ 
e 
ts 
ab J 
4 
; 
~ ‘7% 
P f= 
Rs a 
, & 
a | 
. =——s 
< * 
hl 
ew 
‘> 
Be ~ 
= 
Al ml 
“f — 
9 4 2 
“ 
" 
7 
: 


nice aan 


Relative Rate Constants for Reaction of Trimethylsilyl 


Radicals with Nondeuterated and Deuterated Silanes 


aeaeC060gue—qOo200—*0R20 


Reaction 


(CH3) 353 i STpH¢ 


Si5D¢ 
STH, 
SiD, 
CHASTH, 


CHASiD., 


(CH,),SiH, 


(CH,),SiD, 


(CH,),CH 


aanetrection 

pile mee 
combination 

1.01 + 0.35 x 10? 

2.70 + 0.50 x 10° 

WesieevOnl cea GD 

1.24 + 0.17 

2.21 + 0.36 

5.77 + 0.74 x 107! 

6.99 + 0.99 x 107! 

ePral  W.re) 9 ers 

4.78 + 1.26 x 1072 
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trimethylsilane would result from abstraction by a trimethylsily] 
radical from any product of the system since the added silane is present 
in much greater concentration. In addition, as Table V-13 shows, the 
rate of abstraction decreases with increasing methylation on the silane 
so that abstraction from products would be less favoured since they 


would be more substituted than the original silane. 


2. Corrections for Cross-Disproportionation Yields 

The extent of cross-disproportionation can be estimated by 
using the following scheme for the total reaction mechanism for photoly- 
sis of the mercury compound in the presence of added silane, HSIR35 


where R = H, CH3 or SiH 


5 
[(CH),Si] Hg + hy — 2(CH,)Si + Hg {14} 
(CH,)4Si + (CH3)3Si —>  (CH,)4SiSi(CH3). {15} 
—- (CH) ,57H + CHySi(CH3), {16} 

F : 
(CH) Si + HSIR, oe (CH,) SiH + SiR {17} 
(CH) ,54 + SiR, —< (CH) SiSiR, {18} 
oe (CH,) SiH + SIR, {19} 
SiR, + SiR, —> R,SiSiR3 | {20} 
ae HSiR, + SiR, els 


The fate of the diradicals formed in steps {16}, {19} and {21} 
is probably termination on the walls of the cell but it is possible 
that if they are formed as the silylene, as is likely in steps {19} and 
{21}, they could insert into the substrate silane. 


For example, the silylene or the diradical can be formed in 


the monomethylsilane system 
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(CH, ) Si CH3S1H, Say (CH3)3SiSiH,CH, 1227 
anna (CH) SiH + CH3SiH {23} 
— (CH3)4SiH + CHoSiH, {24} 


and the silylene can then insert into the substrate Silane, 


CHSiH + CHAS1H. sg oe (CH, )HSiSiH, (CH) 125) 


This produces the same product as that formed by combination of two 
monomethylsilyl radicals and therefore cannot be distinguished as a 
separate process. 

The modes of formation of trimethylsilane can be derived, 
however, since only steps {16}, {17} and {19} are involved. We account- 
ed for self-disproportionation of the trimethylsilyl radicals (reaction 

-{16}) by using the experimental ratio of trimethylsilane to hexamethy1- 
disilane obtained in Chapter IV. 

The amount of trimethylsilane formed by cross-disproportionation 

could be calculated by measuring the cross-combination product (reaction 
-{18}) and using the fact that the amount of SiR, radicals formed is 


equal to the trimethylsilane formed by abstraction: 


a : ee ah a 
(Tri MS ape graction Ont yO cs MS 4isproportionation 

2R351Si1R3 2HS1R3 disproportionation {26} 
where (Tri-MS) = (CH) SiH. 


Self-combination and disproportionation of SiR3 radicals to 
give R3SiSiR3 and HSiR3 seems to be relatively unimportant since the 
yields of the combination product was very small. In any case, since 


disproportionation yields the original silane substrate, ko could not 
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be measured. If we ignore reactions {20} and {21} we will obtain a 
maximum value for the yield of trimethylsilane formed by cross- 


disproportionation. Thus we can approximate equation {26} to 


(Tri-MS) = (CH,).SiSiR, + (Tri-MS) {27} 


abstraction 3)3 3 disproportionation 


where (CH) .SiSiR, is the cross-combination product. 


Then since (Tri-MS) = (Tri-Ms), + (Tri-MS) 


total bs disp. 
(Tri-MS), 444 - (Tri-MS) Gign. ~ (CH) ,SiSiR, ~ OARS US es eet 
which reduces to 
a ier 3: : ae 
(Tri-MS) 4565 ke [ (Tri MS), otal (CH) .SiSiR3] {29} 


Since (Tri-MS) and the cross-combination product are 


total 
measurable quantities, the amount of trimethylsilane formed by cross- 
disproportionation can be calculated for each silane over the pressure 
range studied and the cross-disproportionation/combination rate constant 


ratios for the various silyl radicals can be obtained from equations 


{18} and {19}. 


sd (Tri-MS) 45 proportionation £30} 
k. ~ Cross-combination Product 


The results are shown in Tables V-14, V-15, V-16, V-17 and 
on Figures V-9 and V-10. 

While absolute yields were not measured in all of these 
experiments, it can be shown that the relative yields of products can 


be used on an absolute basis since the total yield of the trimethyl- 


silyl] moiety was constant throughout. When the peak areas of each 
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product were measured, corrected for response factor, and then multiplied 
by the correct number of trimethylsilyl groups, they were found to be 


constant, as is shown in Figure V-11, over the full pressure range of 


the added monomethylsilane. 


3. Silyl Radical k fk. Ratios 

The calculated Ky/k. ratios for cross-reactions of trimethyl- 
silyl radicals with disilyl, monosilyl, monomethylsilyl and dimethyl - 
silyl radicals are maximum values since no allowance was made for self- 
reaction of the secondary silyl radicals in the system. 


The values obtained for k fk ratios were: 


(CH,) Si + SinH,. Felt ak Wi) . {31} 
(CH,) Si + SiH, <0.8 2 0.1 {32} 
(CH. ) Si + CHASiH, rai)nay ae [05/2 {33} 
(CH) Si + (CH, ) SiH <OpGe nec {34} 


The value for disilyl radicals is obtained if we neglect 
the first two k q/k. values (Table V-14). These are obviously unreliable 
owing to the very small yields of the combination product at lower 
pressures. 

The kK g/k. ratios vary somewhat over the pressure ranges 
employed but it is not certain whether this is real or results from 
experimental error. The values reported are the average over the range. 

These results can be compared with values calculated from 
earlier work in this laboratory on the Hg photosensitized decomposition 


103,105 


of silanes and the results are summarized in Table V-18. 


It can be seen that the present value of 0.046 for the ky/k. 
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TABLE V-18 


Values of k /k._for Various Silyl and Methylated Sily] 


Free Radicals 


—ee———————.waSwmwamwaaoaous3s9mamSmsS mm] 


Radicals k /k (25°C) Ref. 
(CH3) Si + (CH) Si 0.05 + 0.1 a 
(CH3),Si + (CH,).Si 0.03 b 
(CH) Si ay (CH, ) SiH <0;3 a 
(CH3)3Si + (CH,)SiH, < 0.5 a 
(CH) Si a5 STH, reqel 3} a 
(CH,) SiH + (CH,) SiH 0.1 b 
CHASTH, + CHASiH., 0.1 b 
CH3SiD5 + CH3S1D. 0.04 b 
SijH, + SigH, 0.1 (400 torr) c 
SiH, + SiH, ec (up to 1000 torr) c 


‘Present work. 

Dy, A. Nay, G. N. C. Woodall, 0. P. Strausz, H. E. Gunning, J. Amer. 
Chem. Soc., 87, 179 (1965). 

CT. L. Pollock, H. S. Sandhu, A. Jodhan, 0. P. Strausz, J. Amer. Chem. 


SOC o0sm0170( 1973). 
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ratio for trimethylsilyl radicals agrees well with the earlier estimate 
of 0.03, while the values for the self-reactions of other methylated 
silanes are roughly of the same order of magnitude as those of cross- 
reactions of trimethylsilyl and secondary radicals. The value for 


disilyl radicals is quite pressure dependent, reflecting the instability 


of the excited tetrasilane molecule: 


Sigh Sit = Ss ieee {35} 
—+ Si,He + Si,H, {36} 

Sib +M —*  Sigty, {37} 
Shia —~ Si,H, + Sint, {38} 


Monosilyl radicals apparently do not recombine up to 1000 torr 
pressure, in marked contrast to methyl radicals, again due to the 


instability of the excited Si5He molecule. 


4. Absolute Rate Constant Values 

From the series of relative rate constants (Table V-13) we 
can calculate absolute rate constants for the abstraction reactions 
with the aid of equation I and a value for Ko» the trimethylsilyl radi- 
cal recombination rate constant. 

The major problem at this point is the uncertainty in the 
absolute value for ko. Trotman-Dickenson and co-workers |?! measured a 


Yates cc mole~!sec”! in a rotating sector experiment using 


value of 10 
Hg photosensitization of trimethylsilane as a source of trimethylsilyl 
radicals. This value seems very high, exceeding the value accepted 
for methyl] radical combination by almost an order of magnitude. In 


addition, when applied to the relative rate constants, it yields absolute 
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rate constants for abstraction by trimethylsilyl radicals which are 
orders of magnitude greater than the experimental rate constants for 
abstraction by methyl radicals from the same Silanes. Therefore 


alternative values for ko must be used. 
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Thynne calculated a value of 10°°2 cc mole7!sec™! by a 


thermodynamic method. For the relation 


k 
: fi 
2(CHa)aSi «OWA. (cH) sisi (CH,) {39} 
323 SUS 3 
backward 
we can write 
E 
7 - a forward/RT 
kat . Aa neva E | AO} 
Using the thermodynamic relationship 
AS/R | 
e {41} 


pearardienactrrd 


and assuming that there is no activation energy for the forward combina- 


tion step, equation {40} can be written as 


AS 
Vog Krorward od Anackward z 2.3R {42} 


This is the correct expression in standard atmosphere units and to 
convert to the more useful concentration units, correction factors must 
be included. The entropy change at constant pressure can be related to 


the entropy change in concentration terms by 


AS = AS. + AnR + AnRInRT 
re Pp 


where An is the mole change in the reaction. For An = 1 and T = 298°, 


«sot peat ahs 4p fb oh tabi te 
7: | 


i 
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AS. = ASy vies. 


Thus we have a factor of foe i entropy and another factor of 3 to 


convert from M!sec7! to cc.mole7!sec7! to give 


LOGEK ame 4100 AME OS™ Gee Chim ess {43 
f ho LR ganer ad 
= log A, + + 4.8 44 
gb” F3R Bae 
The two variables thus required to calculate Nariacrerciay cle) ale d= 


factor for decomposition of hexamethyldisilane to two trimethylsilyl 
radicals and the entropy change for equation {39}. 


The A-factor is obtained from pyrolysis experiments on hexa- 


methyldisilane and Thynne used a value of yaees sec”! in his calcula- 


5 : 159 : 28 ,160 
tion. This value was later retracted and a more detailed study 


yielded iis sec 


» showing that the pyrolysis was more complex than 
originally believed, with short chains being postulated in the decom- 
position mechanism. This latter result is in better agreement with 


WA i “ oe 
the usually accepted range : 10!” - 1017 sec ih for decomposition 
of organic molecules into two polyatomic radicals. 


The other variable, the entropy change, is given by 
AS = S°(Hexamethyldisilane) - 2S°(Trimethylsilyl radical) {45} 


The entropy of the trimethylsilyl radical is calculated from 
the well-accepted experimental value!®! for the entropy of trimethyl- 
silane (79.03 e.u.), by applying a correction for the loss of one 


hydrogen atom and adding Rin2 for the electronic contribution to give 


S°((CH3) 354) = 80.4 cal.deg7!mole7!. 
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There is less agreement on the entropy of hexamethyldisilane. 
This has not been determined experimentally and the values available are 
derived from a variety of calculations, comparisons and approximations 
and give a range from 100 to 120 cal.deg”!mote™!, 

Thynne used the Benson and Buss Atomic Additivity Rules and 
obtained S°(HMDS) = 105 e.u. He then applied an arbitrary correction of 
epoee. Use [On steric strain to this: value ‘to obtain 102.5  exue 

Trotman-Dickenson used the bond additivity values from Ring 
and O'Neal! along with a calculated value of -10.7 e.u. for the Si-Si 
bond entropy to calculate a value of 120 + 10 e.u. 

Using these two values for S°(HMDS) gives AS = -58.3 or -40.8 
e.u. and insertion of these data into equation {44} along with the A- 


factor of Love sec”! produces ke values of ile or ite cc.mole” 


sec”! 

Use of the higher value, 1077 seas lene | derived from 
S°(HMDS) = 120 e.u., gave unacceptably high absolute rate constants for 
abstraction by trimethylsilyl radicals and since the other value was so 
much lower, by some four orders of magnitude, better values of ko must 
be used. 

The entropy of hexamethyldisilane can be estimated in a number 
of ways, one of which is to compare the entropies of isobutane! (70.4 
e.u.) and trimethylsilane (79.0 e.u.), which should reflect any entropy 
differences between the C(CH3)3 and Si(CH3), systems, and then compare 
hexamethylethane |" (93.1 e.u.) and hexamethyldisilane where the same 


differences should exist. 


S° (Isobutane) ~ §°(Hexameth lethane) {46} 
S°’(Trimethylsilane) ~ S$? (Hexamethyldisilane) 
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This gives S°(HMDS) = 104.5 e.u. and a correction for the Si-Si 


bond in hexamethyldisilane instead of the C-C bond in hexamethylethane 


should not add more than ~5 e.u., to give S°(HMDS) = 110 e.u. It 


becomes clear that this type of estimation can provide any value between 


100 and 120 e.u. 


Another approach is to calculate the cross-combination rate 


constant for methyl and trimethylsilyl radicals from the equation 


k 


Spy eal 
ager Guy oh 147} 


CH, + (CH), Ke 


In a similar thermodynamic calculation 


heey OV, te Se igs {44} 


JD ES a Te 


f 


The A-factor for tetramethylsilane pyrolysis! © is given as 


1014.3 sec! and 


AS = S*((CH3),Si) - S* (CH) - S°((CH3)3Si) {48} 
= 85.6 - 46.1 - 80.4 
= -40.9 e.u. 
Insertion of these values into equation {44} gives log ke = 
HOZZ: 
If we take this as the geometric mean of the two self- 
combinations 
1/2 . 
SCrOss Z 2(k thy “trimethylsilyl? {49} 
and since k : Toe ocanolececua we obtain 


methyl 
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6.38 


= -1 -1 
Ktrimethylsilyl = 10 cc.mole sec. 


The fact that this value is very low and is not consistent 
with the value obtained from hexamethyldisilane pyrolysis is evidence 
of discrepancies in the calculations. In this case it is probably the 
experimental A-factor which is too low. 

The method we have chosen is based on the assumption that 
abstraction by trimethylsilyl radicals from silanes will be no faster 
than abstraction by a correspondingly large alkyl radical. We used the 
experimental rate constant for abstraction by iso-propyl radicals from 
monosilane reported by Berkley and co-workers!” and equated this with 
the rate constant for abstraction by trimethylsilyl radicals from the 
same silane to obtain eeni nation = ie cc.mole7!sec!, 

If we assume that the 102 value obtained by modifying 
Thynne's calculation is the A-factor for the recombination, since he 
assumed zero activation energy, then from the calculated rate constant 


-| 


of Tees fonolea sec we obtain an activation energy of ~2.2 kcal. 


mole”! for the recombination: 
; -] -] 
k, = 107° exp(-2200/RT) = 10° ? cc.mole sec {50} 


Determinations of rate constants for radical dimerization have 
been made in solution and were found to be very similar to the high 
65 
values reported for gas phase measurements. Ingold! has used electron 


paramagnetic resonance to measure the rate constants of recombination 
13 
for a variety of alkyl and other Group IV radicals such as CH Chips cate 


ce.mole”!sec”!), (CHa) Gn\Gclex 1012 cc.mole'sec”!) and (CH3),Si (5.5 x 


3)3 
166 : 
1012 cc.mole7!sec7!). Gaspar and co-workers ~, using a flash photolysis- 
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epr technique measured values for SiH, (4 x 10'2 cc.mole~!sec”!) and 
(CHg),8i (3 x 10! cc.mote™!sec7!), 

These rates are near the diffusion controlled limits for 
solution and it is somewhat surprising that the gross structural changes 
between gas and liquid phases should have such minor effects. In any 
case meaningful comparisons of gas and solution rates are complicated 
by solution effects such as the frequency of encounters and primary/- 
secondary recombination!” . 

In addition the interpretation of the results is perhaps too 
simple in that no account is taken of possible reactions of the silicon 
radicals such as cross-combination or reaction with the initiator, 
t-butylperoxide. The high affinity of silicon for oxygen, forming a 


ae. indicates that such reactions are 


strong bond of about 106 kcal mole 
quite likely. The oversimplification is borne out by the fact that 
recalculation of the supposed second-order results of Gaspar can give a 
more reasonable straight line when plotted as a first order reaction. 
There are also unexplained anomalies concerning product formation which 
leave these results open to question. 


14.25 8.0 = 
Application of the values 10 and 10 cc.mole ‘Cec 


-] 

for the recombination rate constant to the experimental relative rates 
gives the absolute values shown in Table V-19. The first and second 
columns show the ranges using lO met and Tae respectively. The 

third column shows the change in values from column 2 when the maximum 
correction for cross-disproportionation is applied. It can be seen that 
columns 2 and 3 differ at most by a factor of 2 and while the best value 
will lie between the two, the error is minimal compared to that between 


columns 1 and 2. 
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Absolute Rate Constants for Abstraction from Silanes 


by Trimethylsilyl Radicals 


TABLE V-19 


[a ————_—— 


Reaction 


(CH) ,Si + 


a: 


b: 


using k 


using k 


Si,H 


a6 
1906 
SiH, 


S 


CH,SiH, 


CH3SiD, 


(CH), 


(CH,)5SiD, 


(CH,) CH 


combination — 


combination — 


SiH, 


Rate Constant 


(cc, mole”! sec71) 
uncorrected 
35 x 19! 1.02 x 10” 
60 x 10° 2.72 x 10° 
Jo ye 1.32 x 10° 
43a 52 V0 1125100 
95 x 107 1.73 x 10° 
70 x 10° 483% 10° 
ak Ra se ane 
28 x 10° 3.25 x 10° 
38 x 10° 4.83 x 10° 
250¢ mole™ sec™!, 
rele ee ae 


corrected 
5.15 x 10° 
1.39 x 10° 
9.22 x 10° 
9.63 x 10° 
1.68 x 10° 
4.77 x 10° 
5.86 x 10° 
2.62 x 10° 
2.42 x 10° 
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Shown for comparison in Table V-20 are the experimental 


11,39,75,76,168- 
absolute rate constants reported by a number of workers 


7 for the hydrogen abstraction reactions by methyl radicals from the 


same silanes and corresponding alkanes. 

It can be seen that the rate constants obtained using the 
1a cc.mole 'sec™! value for the recombination rate constant are 
between 10 and 200 times larger than the values for methyl radical 
abstraction, which suggests that they are too high. On the other hand 
the smaller values derived from ko = ie cc.mole”!sec™! are between 
10 and 150 times smaller than the rates for methyl radicals. 

Another point of difference is that the methyl abstraction 
values range over a factor of 70-fold from disilane to dimethylsilane 
while in the trimethylsilyl case this factor is approximately 1500. 

Abstraction by trimethylsilyl radicals from isobutane was 
found to be slower, by a factor of 15, than abstraction from dimethyl - 
Silane compared to a factor of 2 when the abstraction was by methyl 
radicals. The absolute value for abstraction by methyl radicals from 


isobutane lies between the absolute values on columns 1 and 2 of Table 


V-19 and closer to the high value. 


5. BEBO Calculations 


Having obtained a set of absolute rate constants for hydrogen 
abstraction by trimethylsilyl] radicals it was decided to employ the BEBO 
method to calculate activation energies for these reactions and sub- 


sequently to derive A-factors. 


i i 
This empirical method developed by Johnston and co-workers 


has been dra es to be able to predict activation energies for 
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TABLE V-20 


Absolute Rate Constants for Abstraction from Silanes 


and Alkanes by Methyl Radicals 
ee 


Rate Constant (25°C) 


Reaction eras | sec 

, i, 

cH, + Sint, 6.9 x 10 
. 7 
Si5D_ 1 exe 
SiH, 5.0 x 10° 
SiD, 9.5 x 10° 
é 6 

CH3SiH, RAPS EMNY 
: 5 
CH,SiD., Se leX te 
(CH3) SiH, M0 ex va 
i 8 

(CH) ,SiD, 2208% f 

i Ae O0exXe 10 
(CH,)SiH Xx ji 
(CH,),SiD aly ee ui 
(CH,)45% 1.9 x 10 

ety fora 1.2 x 10! 
3 a 3 
CH4CH, 3.8 x 10 

4 

25D XRD 

CHACHA CH, : 

(CH ) CH SP eee 

oes) 
Shy oe 10° 
(CH,),¢ 
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some hydrogen transfer reactions to within a few kcal.mole’'. Details 
of the method and types of parameters used are given in Appendix II. 

The calculations were carried out using the input parameters 
shown in Table V-21 and the potential energies of activation along with 
bond lengths and orders in the activated complex are given in Table V-22. 

The corrected activation energies derived from the above 
potential energies of activation are shown in Table V-23 along with A- 
factors calculated from the lower set of absolute rate constants obtain- 
ed previously (Column 3, Table V-19). It became clear that if the higher 
set of rate constants were used abnormally high A-factors for a hydrogen 
abstraction reaction (>10!° Comolemececa) would be obtained, 
reinforcing the rejection of the rate constant of Toes cc.mole 'secy! 

Comparison of these values with experimental Arrhenius para- 
meters for abstraction by methyl radicals from silanes (Table V-23) 
shows that similar trends exist in activation energies, with E, (Sige) 
being the lowest and the values for the methylated silanes being a few 
kilocalories higher and essentially the same, within the error of the 
calculation. The A-factors obtained in the calculation seem to indicate 
a decreasing trend with increased methylation but whether this is real 
or just an artifact of the method is not clear. The value for 
dimethylsilane does seem very low, however the average of the four 


Aa 
values is ee. just slightly lower than the average value of 10 


76 


obtained by one group of workers’ for abstraction by methyl radicals 


from the same silanes. However, the results from a number of different 


workers /© show A-factors for abstraction methyl radicals ranging from 


19!1-0 12.6 


to 10 Sate Cee 


It must be kept in mind that the BEBO method is an empirical 
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TABLE V-21 


Input Parameters for BEBO Calculations 


Bond Dissociation Energies 


(kcal mole™!) 


eee 


D(SiH, - H) 
D(SinH, - H) 


D(CH,SiH, - H) 


D((CH,),SiH - H) 


3)2 


D((CH.).Si - H) 


3)3 
D(SiH, - SiH.) 
Bond Distances 
Si-H 


Si-Si 


Stretching Frequencies _cm_ 


SigH, - H 
CHaSiH, - H 
(CH3) SiH - H 


(CH,).Si-H 


3)3 
SiH3 - SiH3 

Morse Parameter 
(CH3)3Si a SiH, 


Sint, 


CH.SiH 


3 


(CHa) SiH, 


B 


98 
2H) 


1.48 
Fa 


1 


2182 
2159 
2167 
2143 


1.601 
1 ofc 
1.659 
eo 


Reference 


3] 


174-177 
178,179 


180 
180,182 
180,183 
180,184 
180,184 
18] 
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TABLE V-21 (cont'd) 


Input Parameters for BEBO Calculations 


Bond Energy Index° p 
Si-H 1.004 


4 Includes zero point energy. 


P calculated from 8 = 1.2177 x 107 uw, /-— 
ss 


0.26[In(E, /E )] 
Cc Sans 
Calculated from p = —————______ 
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TABLE V-23 


Calculated and Experimental Arrhenius Parameters 


for Abstraction from Silanes 


—___——_———__e—e—e——————— 


SSSeaeasosSsSa0@$@$mmmSammSS 


Log A ES 


Reaction (cc mofemeeen) (kcal mole!) 


SS 


Calculated Arrhenius Parameters 


(CH,) Si + SiH, 12e3 10.0 
Site 11.3 6.2 
CH,SiH, 11.4 9.8 
9.6 
(CH) SiH, 10.9 


Experimental Arrhenius Parameters 


cH, + SiH, Te lee 
SisHe 1220 5.6 
CH,SiH, Ze 8.1 
(CH, SiH, Lae 8.3 
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calculation and that the output can be no more accurate than the values 
used for input parameters. 

The bond lengths and vibrational frequencies are reasonably 
well known but there is a wide range in silicon bond energies (Table 
I-1). Earlier results favoured 81 kcal mole! for D((CH3)4Si-H) while 
more recent measurements give 88-90 kcals mole”! There is good 
agreement on D(SiH,-H) as 94 kcal mole7! but the values for the other 
partially substituted silanes are usually interpolated. We have chosen 
the set of higher values since the relative ease of abstraction by tri- 
methylsilyl radicals would indicate that a reasonably strong Si-H bond 
is being formed. In addition, abstraction becomes more difficult with 
increasing methylation, pointing to the possibility that Si-H bond 
energies do not decrease as much with methylation as was formerly 
suggested. 

| This point of view is reinforced by calculation of the Si-H 
bond energies by the method of Benson and Wen This model 
proposes that the difference in C-H bond enthalpies in hydrocarbons is 
due to the electrostatic energy arising from the interaction of formal 
negative (carbon) and positive (hydrogen) charges on each atom. The 
model satisfactorily explains the deviations from the law of bond 
additivity which are observed for alkanes and predicts the decrease in 
carbon-hydrogen bond strength from methane to isobutane. 

The same calculation can be applied to silanes (see Appendix 
III) and although absolute bond energies cannot be derived because of 
the lack of data on additional parameters, the differences between 
the silicon-hydrogen bond energies can be calculated. These are 


found to be relatively insensitive to small changes in the absolute 
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value of the formal electrostatic charge and, when combined with the 
literature value for D(H-SiH) they give the silicon-hydrogen bond 
energies shown along with the corresponding alkanes on Table V-24. 

It can be seen that the method reproduces the carbon-hydrogen 
bond energies to within one kcal.mole™| and that the values for the 
silanes vary over a much smaller range with the disilane bond energy 
being the lowest. This result may help to explain why abstraction from 


disilane was the fastest of the silanes studied. 


C. DISCUSSION 

The results obtained allow us to propose a description of the 
abstraction, combination and disproportionation reactions of various 
silyl radicals and in particular those of the trimethylsilyl radical. 

On the basis of the experimental data and known A-factors for 
abstraction reactions it appears that the recombination rate constant 
for trimethylsilyl radicals is some orders of magnitude slower than the 
collision frequency. Assuming an effective collision diameter of 722A 
for trimethylsilane!?! the room temperature collision frequency is 


9/3 el 


found to be 2 x 1 cc.mole” sec 


8.0 


The results seem to indicate a value for ko np ers 1 


cc.mole- 
sec! and it is somewhat difficult to explain such a low rate constant. 
The same situation exists for large alkyl radicals (Table I-3) 


where work of the last few years points to a value of ee cc.mole! 


sec”! for the t-butyl recombination rate constant?’ These lower 
values agree more readily with the thermochemistry in the alkyl radical 
systems but it is not clear if the same holds true for silyl systems 


since in this case the thermochemical parameters are less well defined. 
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Carbon-Hydrogen and Silicon-Hydrogen Bond Energies 
Calculated by the Electrostatic Interaction Method 


SSS S}3.0°—s—s—s—s———s[{—“nmaam@o9@w@s$=S~E OOO 


TABLE V-24 


Bond Energies (kcal mole!) 


Molecule Obsd. ° 
H-CH, 104 
H-CoH. 98 
H-i-C HA 94.5 
H-t-CaHg 9] 
H-SiH, 94? 
H-SiH,CH. - 
H-SiH(CH3). = ‘ 
H-Si(CH3)., 80-90 
H-Si 5H. = 

a: Reference 12. 


b;: 


Table I-1. 


Caled. 


104 


93". 
OS. 
90. 


94 
93 
93 


OZe 
90. 
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The existence of rotational barriers which could contribute 
to activation energies in the combination of larger radicals might be 
expected to decrease the recombination rate but there is no real 
evidence for any activation energy for recombination since no 
temperature dependence has yet been established. 

One might expect this activation energy to be present since 
the combination of two t-butyl radicals involves the re-orientation of 
the methyl groups of the planar radicals into the tetrahedral arrange- 
ment of the molecule which should increase the methyl group rotational 
barriers. 


,66,188,189 
Since silyl radicals are wien : 


rather than 
planar this explanation is not valid but the recombination rate should 
be lowered due to repulsions in improperly oriented collisions (i.e. 
back-to-back) since only head-on silicon-silicon collisions would be 
expected to be effective. The larger covalent radius of the silicon 


atom! ® and the availability of empty d-orbitals could partially negate 


this effect. 
Most of the recombination rate constants for alkyl radicals 


are similar, with values around 10/3 cc.mole~!sec7!, but these do not 
agree with known thermodynamic data on alkanes and alkyl radicals 7e 2190. 


Some values of the last few years, in contrast, are orders of magnitude 


ee The latest determination of the t-butyl recombination 


ie 


lower 
rate constant! 9! does, however, point to a high value, 1.2 x 10 


cc.mole”!sec™!. 


It appears that current thermochemical data are reliable and 
errors in the heats of formation and entropies are much smaller than 


the discrepancies in the values for the recombination rate constants. 
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It is not surprising that the rate constants for silyl radical 
recombinations are open to question since even the values for alkyl 
radicals, which have been studied for far longer, are still not settled. 

However, our experimental results would seem to indicate 
that the rate of trimethylsilyl radical recombination must be some four 
or five orders of magnitude less than that of methyl radical combina- 
tion, if it is assumed that the rate of abstraction by trimethylsilyl 
radicals is less than or equal to the rate of abstraction by methyl] 
radicals from the same silane. 

The situation on abstraction from alkanes or silanes is also 
open to different interpretations. A lot of data are available on the 
rates of hydrogen abstraction by hydrogen atoms or methyl radicals 
from alkanes or silanes, but the spread in the reported values makes 
detailed analysis very speculative. 

For abstraction by hydrogen pane from alkanes the reported 
1, 


A-factors range from 1918 to 10!4-8 cc mole” ace and the activation 


energies from 4 to 15 kcal.mole™ | 


13 


and it is generally accepted that the 


A-factors should be 10 10!4 and be essentially constant for all the 


simple alkanes. The activation energies seem to show a decrease from 


] 


~12 kcal.mole. for methane to ~8 kcal.mole™! for isobutane. 


For abstraction by hydrogen atoms from silanes the results 
are more ni ee but the A-factors seem to be within the same 
range as for the alkanes while the activation energies appear to be in 


] 


the order of 2-3 kcal.mole.'. The BEBO computations on these systems 


: -] 
persistently gave values which were too high, from 4-9 kcal.mole , 
indicating that the BEBO method may not be applicable to abstraction 


by hydrogen from silanes. 
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For methyl radical abstraction from Seu the A-factors 
range from 10! - TOL aioe commoleaiseca: and the activation energies 
decrease from 14.6 kcal.mole”! for methane to 8.0 kcal.mole”! for 
isobutane. Thus the activation energies seem to follow the trend in 
the C-H bond strengths which decrease from 104 kcal.mole™ (CH.-H) 


3 


PROM Kcalemolen C(CHA)SC=H)\e 


3)3 
. : i TAA eS 
For abstraction by methyl radicals from silanes this 
same trend is not apparent since the activation energies are quite 
similar: E,(SiH,) =a) Al.3 E,(CH3SiH3) SEO les E,((CH3)5SiH,) = 8.35 
E((CH,) SiH) at fel ke E. (Sigg) =29% 0. 
This does not bear any simple relationship to the accepted 
trend in Si-H bond energies. 


Our results also indicate that the activation energies for 


abstraction by trimethylsilyl radicals from SiHg, CH3SiH, and (CH3)5SiH 
] 


2 
are almost the same with the value for Si,H. being a few kcals.mole— 


Za6 
less. 

The values of the activation energies for trimethylsilyl 
radical abstraction calculated by the BEBO method are 0.6 - 2.5 kcal. 
mole” | higher than the activation energies for abstraction by methyl] 
radicals. This difference, small as it is, may be related to the large 
difference in the energy of the bond formed in the abstraction: 


3 5 
D(CHa-H) = 104 kcal.mole”! and D((CH,),Si-H) = 90 kcal.mole™. 


3 
However, as the BEBO calculations show, the largest contributor 
to the activation energy is the triplet repulsion between the two atoms 
which are exchanging the hydrogen. Thus the effect of the bond dissocia- 


tion energies might be small compared to the differences in the triplet 


repulsion energy. 
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Zavitsas and co-workers !96+197 » in predicting activation 


energies, also postulate high triplet repulsion. Thus in the reaction 


the properties of the X-Y molecule are of great importance even though 
it is never formed in the reaction. A strong X-Y bond increases the 
activation energy and vice-versa. In addition, such factors as lower 
stretching frequencies and greater bond lengths, which broaden the X-Y 
Morse curve, will result in greater repulsion at a given distance and 
so give a higher activation energy. 

Thus it might be expected that abstraction by trimethylsilyl 
radicals would require slightly higher activation energies but the 
observation that the activation energies for abstraction by methyl or 
trimethylsilyl radicais from silanes seem to be relatively independent 
of the silane (except for SinHe) would indicate that either the Si-H 
bond energies are a lot closer than presently accepted values or that 
the silicon somehow affects the abstraction in such a way that the 
overall exothermicity becomes less important than triplet repulsion. 
However, if this were the case, one might expect to see a bigger 
difference between the triplet interaction of C and Si in abstraction 
by methyl] radicals and the triplet interaction of two Si atoms in 


abstraction by trimethylsilyl radicals. 

Arrhenius parameters have been determined by Trotman-Dickenson 
and co-workers!” for the gas phase abstraction of chlorine atoms by 
trimethylsilyl] radicals in a series of experiments with alkyl chlorides. 


Using their aforementioned value for the recombination rate constant of 


trimethylsilyl radicals (iol4-© coh mal aeececmn) they obtained from their 
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relative rates a range of A-factors from 19'!-0 - 19! 1-3 and activation 
energies from 4.06 kcal.mole™! for methyl chloride to 2.96 Yeas 
for t-butyl chloride. These compare with activation energies of 12.9 
kcals.mole™| and 10.1 kcals.mole™! for abstraction by methyl radicals 
from carbon tetrachloride and hexachloroethane respectively !?9. 

There is at present a controversy over the strength of the 
Si-Cl bond dissociation energy in chlorotrimethylsilane. Values 


obtained range from gg°/ to 3" kcal.mole”!. This compares to a value 


of 78.5 enema lee for D((CH c-c1)!2, The Si-Cl bond is obviously 


3)3 
the stronger but by how much is open to question. The activation 
energies for abstraction by trimethylsilyl radicals are seen to be much 
lower than the values for abstraction by methyl radicals, and it is 

not known whether this is in fact due to the higher Si-Cl bond energy 

or to experimental error. 

The experimental isotope effects for the systems studied are 
shown in Table V-25. It can be seen that the values decrease with methy- 
lation and are all smaller than the k kp ratio for abstraction by methyl] 
radicals except for the monosilane value which is exceptionally high. 
They do not bear any simple relation to the values for methyl radical 
abstraction but are closer to the values for iso-propyl] and n-propyl 
radical abstraction from monosilane and hone”. The extremely high 
value for monosilane would imply that hydrogen quantum tunnelling may 
be important in this reaction. Quantitative interpretation of the 
measured isotope effects is not possible. 

200-202 
Primary kinetic hydrogen isotope effects are caused 


primarily by the difference in zero-point energies of the isotopic 


molecules being compared, but other factors which influence the ratio 
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TABLE V-25 


Isotope Effects for Abstraction by Trimethylsilyl Radicals 


aSeE633eq3<S6—aaa——S 


Reaction ° 
kK /kp (25°C) 


SS a a aS SE Se 


(CH,),Si + monosilane 10.6 
disilane So, 
monomethylsilane 3.8 
dimethylsilane Ze2 


Isotope Effects for Abstraction by Methyl Radicals 


Reaction ky/kp (25°C) 

CH, + monosilane 5.0 
disilane 5.4 
monomethylsilane 6.8 


dimethylsilane 3.4 
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include the effect of isotopic substitution on translational motion 
and on vibrational and rotational levels. 

C : f , 203 . 

omparison of experimental and theoretical values for 
kinetic isotope effects show that present theories are inadequate. 
Other factors which have to be taken into account include the trans- 
mission coefficient and quantum-mechanical tunnelling. The transmission 


coefficient is the relative probability of decomposition of the 


activated complex in the forward direction. The value cannot be com- 
puted on theoretical grounds and is usually assumed to be unity. The 
concept of tunnelling admits that there is a finite probability of a 
particle crossing an energy barrier even if it has less energy than 
the highest point in the barrier. It depends on mass and so is most 
noticeably different between H and D isotopes. Because of the lack 
of data it is impossible to make a quantitiative estimate of the 
contribution of tunnelling in this case. 

Experimental isotope effects can be reproduced in some cases 
by assuming a model of the activated complex and inserting likely 
values for geometrical parameters, force constants and frequencies 
but agreement is often not ante: reflecting the inadequacies of 
present theories. 

Disproportionation seems to require little or no activation 
energy and if a smal] barrier does exist it appears to have the same 
magnitude as that for cOMna nat iongaee Under these circumstances the 
kK y/k. ratios do not vary with temperature, thus one determination pro- 
duces the specific ratio for any pair of radicals. 

Values of auto- and cross-disproportionation/combination 


ratios” for a variety of alkyl radicals are given in Table V-26 to 
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TABLE V-26 


Disproportionation-Combination Ratios for Alkyl Radicals 


See en 
Radical Ka/ke 


rr 


Auto-Disproportionation 


CH, = 
CHCH,, Omlis 
CHACHSCH. 0.15 
CHCHCH, 0.66 
(CH,)3C (boss 557! 


Cross-Disproportionation 


CH,CHCH., = CHCH, 0.16 
CHACHCH. + CH.CH,CH., 0.41 
(CH)4C = CHLCH, O34 
(CH,)3C + CHACHCH, 0.67 


——————— Ee 


195 


fe: ere ee 


iw} Pr WARNS ned 


ee 


196 


contrast with the silyl radical values. It can be seen that combina- 
tion is usually the favoured process (except for t-butyl radicals) but 
that the disproportionation rate constant is usually within an order of 
magnitude of the combination value except for methyl radicals where no 
disproportionation is observed. In cross reactions, either radical 

can abstract a hydrogen from the other, in most cases, and the k y/k. 
ratios are usually similar. 

As shown in Table V-18 the trend for silicon radicals is in 
the opposite direction to the trend for alkyl radicals, in that mono- 
Silyl radicals wholly disproportionate and the ky/k. ratio decreases to 
0.046 for trimethylsilyl radicals. 

It is only possible to compare the relative k fk. ratios with 
those of alkanes for a few cases since the thermodynamic data are not 
available for most silicon mono- and di-radicals and the range of 
values is large even for stable molecules. 


A calculation can be made for the monosilyl radical reaction: 


: 1 ee 2 
2SiH, ae SigHe {51} 
2 P ; 
ae SiH, + SiH, {52} 


If we utilize the thermodynamic values in Table V-27 


AS. = 65.6 - 2(51.4) 
= =37.2 cll its i 
ASpo = 48.9 + 49.6 - 2(51.4) 
Ss cA edeceunol ee 
= : a. Athans 
AH, 17.0 (51.0) 


= -85 kcal.mole™’ 
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TABLE V-27 


Thermodynamic Properties of Some Silicon Compounds 
SS !=—.630C<seejN3X7”n"=}/Twoy7)nR3]3 oe eee 
(?) Oo 
S . AH. 


Species cal mole deg”! kcal cle Reference 


SiH, 51.4 51.0 206 ,207 
SiH, 49.6 59.3 206 ,206 
SiH, 48 .9 8.2 2s 
Si,H. 65.6 17.0 12812 
(CH) Si 80.4 9.0, -25.6  158,45,37 
(CH,).SiSi(CH,). 105 - 120 -50, -118 158,157,45,37 
(CH,) SiH 79.0 -18.1, -55 161,45,37 
ae a e 
(CH,),Si=CH, [79.0] 19.9 43 


a 


a: estimated 


teas AaT 
een tal or: OAS ae 
Eidolon 

ea, oat 


AH,» See Oca tooo soe es? (5180) 
= -34.5 kcal.mole™! 


Then from AG = TAS By 53} 


AG, = -85 ~ 298 (-0.372) 
= -73.9 kcal.mole™! 

AGeo = -34.5 - 298 (-.0043) 
= -33.2 kcal.mole™! 


Thus it would appear from the thermodynamic calculation that 
combination is much preferred over disproportionation. However, the 
formation of disilane is so exothermic that it may readily decompose 
again through a low energy path. It has been EON haaa that disilane 


pyrolysis gives SiH, and SiH, as products 


4 
; 600°K : : 
SioHe oe SiH, + SiH, {54} 
; 14.31 -] ; : , 
with k_, = 10 exp(-48600/RT) sec . Combination of monosilyl 


54 
radicals thus seems to be an efficient path for disproportionation to 
monosilane and silene. This low energy decomposition path is also 
a 209 
available to methyldisilane and trisilane . 


The same calculation for methyl radicals 


+ 
a 55 
2CH, CoHe {55} 
——- CH, + CH, {56} 
gives AGpp = ~77.1 kcal.mole’! and 
AG. = 43.4 Rcalanoles 


using values from penconnes Again, combination is much preferred over 
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disproportionation which is even endothermic, and in this case there is 
no iow energy path for decomposition. The energy rich ethane can either 
be pressure. stabilized or it will fall apart again to give two methyl 
radicals. 

For trimethylsilyl radicals the calculation is complicated by 
the appearance of the silicon-carbon diradical, or "double-bonded" 
species, and the unreliability of the available thermodynamic data for 


silicon molecules. 


2(CH3) Si meme CH SiSi(CH3). 157 


SiH + CHy=Si(CH 


3)3 


—> (CH {58} 


3)3 3)2 


It has been shown earlier that the entropy of hexamethyl- 


Tnole7! and that the 


disilane lies between 100 and 120 cal.deg™ 
entropies of trimethylsilane and the radical are reliable. The 

entropy of the dimethylsilaethylene can be estimated from the observa- 
tion that the corresponding alkene, isobutene, has an entropy value 
(70.2 e.u.) which is almost the same as its saturated parent, isobutane 
(70.4 e.u.). The loss of the freely rotating methyl group, of the mass 
of two hydrogens, of the two C-H stretching frequencies and the change 


| sn the double bond 


in the C-C frequency from 1000 em! to 1650 cm7 
appear to be compensated for by the formation of the double bond. So 
if we assume that the same changes take place in the silicon radical 

case we can approximately equate the dimethylsilaethylene entropy with 


that of trimethylsilane (79.0 e.u.). So from the data in Table V-27 


105 - 2(80.4) to 120 - 2(80.4) 


ear: 


-55.8 to -40.8 cal.deg 
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See = 79.0 + 79.0 - 2(80.4) 


il 


~2.8 cal.deg”'mole!. 


The heats of formation vary to quite a large extent but if 


we chose a self-consistent set of values, we obtain 


AH, 4 Earl) 


= -68 kcal.mole7- 


Ae g See Ol re 18 Oe? (9) 


= -56 kcal.mole’. 


Then 
AGe 4 = -68 - 298(-.0558) or -68 - 298(-.0408) 
= -51.4 or -55.8 kcal.mole™! 
AG. -56 - 298(-.0028) 
= -55 kcal.mole™!. 
Using a different self-consistent set of heats of formation 
gives 
dg, = -118 - 2(-25.6) = -66.8 real micice 
AH, = -85 - 19.9 - 2(-25.6) = -23.7 kcal.mole™! 
Thus 
= -| 
AGe 4 = -50.2 kcal.mole 


AGcg = -22.9 kcal.mole”| 
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The first results suggest that combination and dispropor- 
tionation have almost equal probability while the second favours 


combination over disproportionation. 


Data for the partially methylated radicals is more Sparse so 


reliable correlations cannot really be made. 


Data for t-butyl sath oe 


2(CH3)4C ama ae Ch) SCC CH {59} 


3)3 3)3 
ane (CH3)CH + CHo=C (CH). {60} 


gave the following results: 


AG -51.6 kcal.mole”- 


oy 


-] 
60 -47.1 kcal.mole 


AG 


showing that combination and disproportionation are almost equivalent 
-although the slightly more favoured combination reaction is not 
reflected by the klk Va uilCaOnecmcOus: 

The calculation of heats of formation may be aided by exten- 
sion of the new electrostatic model of Benson and nee which 

can account for the observed values for saturated and unsaturated 

hydrocarbons and alkyl free radicals. 

Correlation of the experimental results with thermodynamic 
data will remain difficult until the mechanism of disproportionation 
is fully understood. 


The present consensus”” is that combination is a head-to-head 


process 


Laat 61 
CHCD,, + D,CCH, CH,CD,CD,Ch. {61} 
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while disproportionation is a head-to-tail process 
CHACD,, + CH3CD., ——* — CH3CD5H + CH,=CD, {62} 


The activated complexes are thought to be different for the 
two pathways, but both require a very loose transition state and the 


abnormally high A-factors are difficult to explain on the basis of 


simple covalent bonding?! ! 


The values obtained in Table V-18 for cross-disproportiona- 
tion are upper limits and may have to be revised downward in the light 
of more information. 

Disproportionation does seem to increase with decreasing 
methylation on the silyl radicals in both auto- and cross-dispropor- 
tionation reactions, and this suggests increasing stability of the 
Sa COn | diradical . 

Dewar et alee have calculated heats of formation and m-bond 
energies for a variety of silicon compounds and from their calculated 
bond lengths the Si=C bond in silaethylene appears to be stronger than 


that in dimethylsilaethylene. 
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CHAPTER VI 


SUMMARY AND CONCLUSIONS 


The present investigation gives a reasonably self-consistent 
picture of the photochemical decomposition of tetramethylsilane and 
the reactions of the free radicals produced. The direct photolysis of 
tetramethylsilane was accomplished with a xenon resonance lamp and the 
photolysis of bis(trimethylsilyl )mercury with a medium pressure mercury 
lamp. The hydrogen transfer reactions of trimethylsilyl radicals with 
a number of silanes were examined separately. The resulting product 
distributions were accounted for in both photolyses and detailed 
mechanisms were proposed. 

The photo-decomposition of tetramethylsilane gave ten 
measurable products and a polymer deposit. The mechanism was deduced 
from the interpretation of pressure studies, time studies, radical 
scavenging and deuterium labelling and was found to be initiated by 
at least six primary steps. A few of these could be further subdivided 
since they involve the loss of two fragments, but these could not be 
differentiated quantitatively because many of the silicon residues were 
lost to the polymer. Although the 147 nm line falls in the silicon- 
hydrogen absorption region, and carbon-hydrogen bonds outnumber 
silicon-carbon bonds by twelve to four, the predominant mode of decom- 
position is silicon-carbon cleavage. Radical formation (78%) is 
favoured over molecular elimination and the product distribution 
suggests the occurrence of radical cross-disproportionations. The 


accuracy of the primary quantum yield of the actinometer, carbon 
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dioxide, and the subsequent tetramethylsilane decomposition quantum 
yield were verified by auxiliary experiments using nitrous oxide as 

the actinometer. In addition, fluorescence was found to be negligible 
arid a tetramethylsilane decomposition primary quantum yield of unity 
could only be obtained when the primary quantum yield of carbon monoxide 
was assumed to be greater than 0.87. 

The trimethylsilyl radical was one of the major primary 
products in this system and this led to the photolysis of bis(trimethyl- 
silyl)mercury as a low energy source of the radical. The mechanism 
was determined from the effect of pressure, exposure time, and radical 
scavenging with nitric oxide, ethylene and oxygen. The photolysis was 
a clean source of trimethylsilyl radicals which reacted to give dimeri- 
zation and disproportionation products. 

The klk. ratio of 0.046 obtained for the trimethylsilyl 
radicals is much lower than that for the corresponding t-butyl radical 
but even this low value implies formation of a quasi double-bonded 
silaethylene in the disproportionation step. Ab initio molecular 
orbital calculations show that the planar singlet and skew triplet 
silaethylene are of equivalent stability. 

The relative rates of hydrogen abstraction by trimethylsilyl 
radicals were found to be fastest with disilane and to decrease with 
methylation by more than three orders of magnitude in dimethylsilane. 

Combination of these results with literature data led to 
the estimation of a trimethylsilyl radical recombination rate constant 
of 108-9 cc Pdicwieecs A Arrhenius parameters for the hydrogen transfer 
reactions were calculated by the BEBO method and compared with the 


experimental results for abstraction by methyl radicals. The 
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calculated activation energies were similar to, but 1 - 2 kcals mole” | 
higher than, the methyl values, indicative of the lower reactivity of 
the trimethylsilyl radical. 

While the calculated A-factors showed a decrease with 
methylation they could also be considered to be constant within the 
error limits and the average value was within the error range for the 
methyl abstraction A-factors. 

Estimates could also be made of the Ky/k. ratios for cross- 
reactions of trimethylsilyl and other silyl radicals and it could be 
shown that the kK y/k. ratios exhibit a trend opposite to that for alkyl 
radicals since kk decreased with substitution. This is due partly 
to the existence of low energy decomposition paths for the excited 
combination product of two silyl radicals. 

The results of this study highlight some of the difficulties 
inherent in present attempts to explain the photochemistry of silicon 
compounds and the subsequent abstraction, combination and dispropor- 
tionation reactions. 

The electronic spectra of alkanes are complex and not fully 
resolved as yet and for silanes only crude approximations, simple 
correlations between spectra and experiment, are available. 

Lack of an agreed self-consistent set of thermodynamic 
data makes predictions difficult and even where this exists, as for 
the alkanes, values derived from equilibrium calculations do not 
always agree well with kinetic results. 

It is stil] not evident if combination reactions have an 
activation energy or whether there is any activation energy difference 


between combination and disproportionation. More systematic and 
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extensive temperature studies should eliminate these doubts. 

Notwithstanding the number of detailed and useful interpre- 
tations in the literature, explanations of abstraction rates and 
combination-disproportionation ratios have to be semi-empirical since 
the full mechanisms of these events are not well understood. 

Further work needs to be carried out in the determination 
of absolute rate constants for radical dimerization by different 
methods and in the collection and systemization of thermodynamic 
properties. 

In addition more total product measurements and elucidation 
of detailed mechanisms should be attempted in radical systems to 
ensure that the reaction studied is not complicated by unknown con- 
current processes. In particular the occurrence of ingoeamanionesiar 
reactions in silane systems could account for appreciable quantities 
of abstraction products or reformation of substrate. 

Although present results indicate that silaethylene is very 
reactive, being very polar and with a m-bond energy only half that 
of a carbon system, it is possible that proper correlation of calculated 
predictions with experimental results may yet result in the production 
of a stabler silicon-carbon or silicon-silicon double bond with a 


measurable lifetime. 
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APPENDIX I 


AB INITIO MOLECULAR ORBITAL CALCULATION ON SINGLET AND 
TRIPLET SILAETHYLENE 


This calculation was done by Drs. I. G. Csizmadia and 
G. Theodorakopoulos at the University of Toronto on four different 
structures of the silaethylene molecule using s and p Gaussian type 
functions contracted to a minimal STO-4G basis set. 

This method developed by Pople and oy erteane replaces the 


full Slater type atomic orbitals of the form 


(2, 7/0)" exp(-2yr) 


5 
bo (Cos) = (¢, /3n)'r exp(-cor) 
bo (Sor) = enins exp(-cor) cosO 


by a linear combination of a small number of Gaussian type orbitals, 
since integrals involving Gaussian functions can be evaluated 
rac: aaa 

This method is much less time consuming than the full linear 
combination of atomic orbitals self-consistent field (LCAO SCF) method, 
which utilizes the full Slater type orbitals as a minimal basis set and 
for which calculations have been published for a few small “i Vere 


Pople's method approximates the Slater orbitals as atomic 


orbitals, in which are sums of K Gaussian type orbitals (K = 2 - 6), 
uU 
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where The and Sop are the Gaussian type orbitals 


Gy(ar) = (2a/m)°“exp(-ar?) 


3 
(1280°/7 yr exp(-ar2) cosO 


Go (or) 


The results approach the full Slater type calculation as the 
Gaussian Set increases and the STO-4G level was chosen for our calcula- 
tion since the rate of convergence tapers off markedly at this point. 

Calculations were carried out using a version of the Gaussian 
70 program!” and the starting point for the variation in energy with 
the angle of rotation round the Si-C bond was the optimized geometry 
obtained in the recent ab initio molecular orbital calculation which 
produced the theoretical infrared spectrum of Seer encae 

In this study the scale factors for H and C were taken as 
those optimized for ethyleness: and standard scale factors were used 
for the silicon core shells while the values for the valence shells 
were optimized. 

In our relative stability comparison, the singlet closed 


shell SCF problem was solved with Roothaan's restricted Hartree-Fock 


Pec ncdaies while for the lowest triplet state problem we used Pople's 


216 
unrestricted Hartree-Fock method A 


Absolute minima on the conformational hypersurfaces for the om 


closed shell singlet and the 1 orbitally excited lowest triplet were 
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obtained as well as for two other structures appearing on the So and Ty 


hypersurfaces. All four structures represent minima in the rotational 


cross-sections associated with cis-trans isomerization of silaethylene. 
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APPENDIX II 


THE BOND ENERGY-BOND ORDER (BEBO) METHOD OF CALCULATING 
POTENTIAL ENERGIES OF ACTIVATION 


This empirical method for determining the activation energy 
of bimolecular hydrogen transfer reactions developed by Johnson and 


172,217 


co-workers has been shown to be able to predict values to within 


2 kcal.mole”!. 


The method is based on the concept that the energy 
necessary to break a bond is supplied to a large extent by the formation 
of the new bond. This strong correlation is approximated for hydrogen 
atom transfer by the assumption that the path of lowest energy on the 


potential energy surface exists where the sum of bond orders is unity 
(yp a? Ls ] 


The bond order n is related to the bond length by the Pauling 


2 Als 
equation 


R = Re - 0.26 Inn 


where the subscript s stands for "single" and R. is the equilibrium 


bond length. 


An empirical log-log plot of dissociation energies against 


bond order also gives a linear relationship 
= Pp 
G E. n 


where E is bond energy and p is a coefficient which can be calculated 


from the assumed linear relationship of bond energy against bond length 
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for single-order bonds and the corresponding Lennard-Jones zero-order 
bond in the "molecule" of two noble gas atoms’! ?: 


0.26 In (E /E ) 
p = ee Oa ONY, 


where EY and RY are the Lennard-Jones parameters for the noble gases. 


For the hydrogen transfer reaction 
X + H = Y —xX Soe oc He-eee Y —»-xX - H + Y 
the total energy can be expressed as 


= ao Pe. -n)4 
Vv % E. n aut n) 


1 


q 
Fea (leno) eee Clem) 
| z2 


However a term has to be introduced to account for the repulsion 
between atoms X and Y since the electrons on the end atoms must have 
opposite spins and repel each other with a triplet interaction. 


The spins must be oriented either 


GQeeece B ecoee Qa or B eccee Qeeeece B 
thus the fractional bonds X-:-:- Heandatisciee Y are bonding while the 
) Y bond is anti-bonding. 


This triplet repulsion may be estimated by a modified anti- 
220 
Morse function 


-2BAR -BAR 
ar (A= 
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V 250525 D, (e 


triplet 


where 0.25 is an arbitrary factor used by Johnston to approach more 
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closely the theoretical potential energy curve for the triplet hydrogen 
molecule. De is the X-Y bond dissociation energy, AR is the change in 


the X-Y bond length 


AR = a to 1h 
S 


XY 


and 8 is an empirical factor given by 


= 7 en 
8 = 1.2177 x 10° wo, / 5 


Ih yu is the reduced mass 


where We is the X-Y stretching frequency in cm” 
of X-Y in atomic mass units and De is the X-Y bond dissociation energy. 
Thus the total energy is given by 
V = Eee - Eas > Me 
The function V can be evaluated from n=o to 1 and the maximum 


value of V gives directly the activation energy of the transfer reaction. 
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APPENDIX III 


CALCULATION OF SILICON-HYDROGEN BOND ENERGIES 
BY THE ELECTROSTATIC INTERACTION METHOD 


: 185-187 
This approach by Benson and Luria to resolving the cause 


of the differences in carbon-hydrogen bond energies in hydrocarbons 
begins with the assumption that each hydrogen atom bears a formal posi- 
tive charge (ty) and each carbon atom a neutralizing negative charge. 


Thus the ethane molecule would have the following charge distribution: 


(+y) H H (ty) 
(-3y) (-3y) 

ACY) aes Ce He ys) 

(ty) H H (ty) 


The electrostatic energy, EAT? arises from the interaction of 


a!! the formal charges, thus 


eee 


where rs ; is the distance between the charges qi; and q5: 


‘ 


For the alkanes this reduces to 


Mae 
Pree es 


ieee 


where n is the number of H atoms bonded on C atoms. The term in brackets 


is then dependent only on the geometry of the molecule. The electro- 


2 


static energy can be calculated in terms of y", using standard tetra- 
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hedral geometry with coplanar C atoms and staggered configurations. It 
is found that Fal is relatively insensitive to small changes in geometry. 


An absolute value of y* 


can be obtained by examining the 
enthalpies cf formation of different isomers where the number of C-C 
and C-H bonds is constant. The heats of isomerization can be equated 
with the difference in electrostatic energies to give an absolute value 
for y. An average value from three different sets of isomers gives 
ly| = 0.278 x 107! esu. 

A similar type of calculation can be carried out for alkyl 


free radicals but here the atoms around the radical site have a different 


formal charge: 


(+y) H H (+y,.) 
-3y-6 

(ty) —. df z Co (-2y/+5,) 

(+y) H H (+y,,) 


The radical centre is assumed to have sp- configuration. The 
parameters y,, and 5, were then obtained by using different pairs of 
values to calculate the observed heats of formation of the alkyl radi- 
cals. The best values obtained were ly,| = 0.12 x 107! esu and Ia) = 


OrOdee 1 Cab aresl. 


For silicon radicals and molecules we can attempt similar 
calculations but in this case the situation is a little more complex 
since we must introduce different parameters which cannot be calculated 


from known bond enthalpies. For a silicon radical the charge distribu- 


tion would be 
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(+y) H H (-x,) 


Svacatn) 


+ a C3 
(+y) H Siv (+2x +to+6)) 


(+y) H “MH (=x) 


The electrostatic energies of the silanes were calculated 
assuming tetrahedral geometry with |x| = 0.24 x 10719 esu and lo|= 
0.40 x 10°'° esu, while for the silyl radical |x,| = 0.12 x 10710 esu 
and |a.| = Ja] with the radicals retaining pyramidal configuration. 
The charges on the methyl groups on the silanes were taken to be the 
same as in the alkanes. |x| was estimated to be slightly lower than 
the |y| value of 0.28 x 107! since the electronegativity difference 
between silicon and hydrogen is somewhat less than that between carbon 
and hydrogen. The charge separation between Si and C, ja], was 


ale esu, again from the electronegativity differ- 


estimated at 0.40 x 10 
ence. 5, was neglected since changes in this parameter made little 
difference to the final result. 

The electrostatic energies in terms of the parameters are 


shown in Table AIII-1. 


Since bond dissociation energies are given by 
D(RH) = AH (RH) - AH, (R) - AH, (H) 


the difference between two silicon-hydrogen bond energies cancels out 


the AH. (H) term 
D(RjH) ~ D(RyH) = Ap (RH) - AMp(R) - AHg(RyH) + BHe(Rp) 


This reduces to differences in electrostatic energy 
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TABLE AIII-1 


Electrostatic Energy of Silicon Free Radicals and Parent Molecules 
in Terms of the Formal Charge Parameters 


a I I a eS 


Compound Electrostatic Energy (Ey) esuch™! 
SiHy -8.33x2 
2 
SiH, ~4.84x, 
: 2 
Sige -9.17x 
Siot ~4.84x2 - 2.29) + 0.34xx, 
CH4SiH. -6.55y* - 4.84x2 - 0.69xy - 3.12ay - 2.54ax 
-0.530- | 
CH,SiH, ~6.55y* - 2.29x,* - 0.46x,y - 3.120y - 1.690x,, 
-0.5302 
(CH3) SiH, -13.0y2 - 2.29x2 - 0.93xy - 6.80ay - 3.380x 
1.8102 
(CH3) SiH -13.0y2 - 0.68x," - 0.46x,y - 6.800y - 1.690x, 
1.8102 
(CH) ,SiH -19.54y2 - 0.68x2 - 0.69xy - 11.0ay - 2.54ax 
-3.8302 


(CH) 484 -19.54y* - 11.00ay - 3.830% 
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D(R,H) - D(RoH) = AE, |(RyH-Ry) - EQ] (RoH-Rp) 


The electrostatic energies of the molecules and radicals were 
calculated, the differences measured and then the increments between 
these differences show how the bond energies decrease. Results are 


shown in Table AIII-2. 


TABLE AIII-2 


Derivation of Silicon-Hydrogen Bond Strengths from the Difference 


Molecule 


SiH, 


CH3SiH, 


(CH3),SiH, 


(CH3) SiH 
SigHe 


a 


Radical 


SiH 
CH3S1H, 
(CHy) SiH 
(CH,)3Si 


assuming D(H-SiH3) =—940KCal-molceae 


AE Ay 


kcal.mole 


-5.9 
=O), 
-5.2 
=J.9 
-2./ 


] 


=] 


A(AE,,) 


kcal.mole 


OF2 
0.5 
is: 
1.2 


= 


in Electrostatic Energy of Radical and Parent Molecule 


D(Si-H) 


kcal.mole 


94 

93.8 
93.3 
92.0 
90.8 
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